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Abstract 
 
Hydrocarbons are ubiquitous in the Cosmos. Carbon stars jettison large amounts of hydrocarbons 
into interstellar space and these are incorporated into forming planetary systems alongside newly 
synthesized hydrocarbon material. The structure of a hydrocarbon reveals its origin with non-
biological, biological, low temperature, high temperature, reduced, oxidised and aqueously altered 
hydrocarbons all having structural features that imply their provenance. These features are explored 
throughout this work, with a focus on the insoluble macromolecular organic carbon of meteorites 
and comparative terrestrial samples.  
                Analytical pyrolysis of macromolecular material in meteorites is a well established 
technique. By subjecting samples to multiple heating steps, rather than the more usual single step, 
new insights into the structure and composition of the macromolecular material have been 
obtained. In addition, simple typing of chondrites and a reconstruction of the conditions experienced 
on their asteroid parent bodies is possible using the products of pyrolysis. It is the carbonaceous 
chondrites that have received the most attention for their organic content but some ordinary 
chondrites also contain appreciable quantities of organic materials. The organic inventory of both 
carbonaceous and ordinary chondrites has been explored in this study. 
Carbonaceous chondrites contain authentic abiotic organic material and are in great 
demand for scientific analysis and experimentation. Yet these objects are extremely rare and 
valuable and there is a need for analogue materials that are available in larger quantities and on 
which specific experiments can be carried out. Uses of effective meteorite organic analogues include 
the training of personnel, testing of analytical methods, contamination studies, and optimisation of 
space mission instruments. Most of the carbon in carbonaceous chondrites is a non-biological 
aromatic and intractable macromolecular material and previously unsatisfactory analogues have 
included coals and other so-called type III kerogens. Following a comparison of a number of 
candidate materials a new analogue has been identified in reworked fossil soils from the Jurassic of 
southern England. This type IV kerogen displays great similarities to the macromolecular material in 
meteorites and can be employed to lessen the burden on our curated collections of rare 
carbonaceous meteorites.  
                The thermal and chemical stability of hydrocarbons ensures that they exhibit excellent 
preservation potential and can often be found when other molecular information carriers have long 
since perished. This feature is important when studying planetary environments for indicators of 
biogenicity. Yet there is a multitude of information to process and the organic signals can often be 
confusing owing to diagenesis, catagenesis, oxidation and weathering. In this study a wide range of 
terrestrial and extraterrestrial materials have been examined using statistical techniques to develop 
a method for the discrimination of abiotic from biotic macromolecular materials, based only upon 
the distributions of simple aromatic hydrocarbons and related compounds. This has important 
implications for life-detection missions destined for Mars, which are currently under development. 
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Chapter 1 Introduction 
Chapter 1 – Hydrocarbons as recorders of cosmic environments 
 
1. Introduction 
We are still at the very beginning of mankind’s investigation into the Universe we live in. Explorers, 
both human and robotic, have made only the smallest scratches on the surfaces of other worlds. 
One of the underlying, driving motivations for exploration is the joint question of how life began on 
Earth and whether it exists elsewhere in the Solar System and beyond. The rapidly expanding field of 
astrobiology seeks to answer these questions. Incorporating a wide range of disciplines from 
geology, microbiology, astronomy, chemistry, and engineering amongst many others, technological 
developments are now giving us the opportunity to determine even the faintest traces of life on 
other worlds. The ultimate goal, undoubtedly, is to send humans to Mars and bring them back 
safely, along with the wealth of data that human observers would acquire. Whilst not likely to 
happen for many decades yet, other projects including sample return missions and sophisticated 
rovers with onboard instrumentation are in development. As well as developing technology and 
instruments, it is also vitally important to learn to understand the data that might be gathered from 
such an expedition.  
In this work, a wide range of questions about astrobiology and meteoritics are investigated, in order 
to try to understand how organic materials, specifically hydrocarbons and related compounds, can 
inform us about the conditions of the early Solar System and the presence of life on other planets. 
Four key concepts are explored: Examination of the organics in meteorites using new analytical 
protocols; the role of different types of chondrite meteorite in influencing the chemical composition 
of primitive planetary atmospheres; the search for suitable meteorite analogue materials which can 
be used to develop methods and test ideas; and finally, seeing whether geochemical analysis can be 
used to separate samples into those of biological or abiological origin on the basis of the distribution 
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of simple hydrocarbons bound within intractable macromolecular organic material. These topics 
range across the whole evolution of organics in the Solar System; from their origins in the solar 
nebula, their incorporation and modification in the accretion of rocky bodies, their delivery to the 
Earth and other planets, and finally the emergence of life. 
 
2. Organic compounds in the Universe  
The organic materials we are able to extract, isolate and analyze from extraterrestrial materials that 
fortuitously arrive on the Earth’s surface are the end product of a long chain of events that stretches 
back billions of years to the cold clouds of interstellar space, through star formation processes, the 
building of planets and rocky bodies, and the geological processes within these.  
Organic material is ubiquitous throughout the galaxy and occurs in a variety of forms (Ehrenfreund 
et al. 2011). Polycyclic aromatic hydrocarbons (PAHs) are believed to be the most abundant 
compound class, based on remote spectroscopic observations (e.g. d’Hendecourt & Ehrenfreund 
1997). A number of spectroscopic features including the ‘UV bump’ absorption feature, the diffuse 
interstellar absorption bands and infrared emission bands have been attributed to PAHs in the ISM 
(Pendleton et al. 1994; Herbig 1995; Salama et al. 1996; Ehrenfreund 1999; Ehrenfreund & Charnley 
2000).  PAHs can be formed in the circumstellar envelope of carbon stars (Frenklach & Fiegelson 
1989; Cherchneff et al. 1992), where they may be created by a process similar to that of soot 
formation in flames, by addition of acetylene. Organic compounds in the interstellar medium (ISM) 
may be in the gas phase or present in the mantles of dust grains. Grain chemistry is an important 
route for the formation of new organic molecules. Kuan et al. (2004) review the range of detected 
species in interstellar space and some of the astrobiological implications, although some 
observations remain contentious (e.g. the detection of glycine; Snyder et al. 2005).  
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The high molecular weight organics detected in the ISM (e.g. Pendleton & Allamandola 2002) are at 
apparent odds with the low-molecular weight 1-2 ring aromatic hydrocarbon units which are 
dominant in the macromolecular material in carbonaceous meteorites. A possible explanation for 
this is provided by Derenne et al. (2005), who suggest that smaller aromatics may be preferentially 
preserved on grain surfaces and protected from UV radiation. Once part of the solar nebula, 
condensation and accretion incorporated the organics into minerals and small rocky bodies.  
 
 
3. Formation of the Solar System 
3.1. Building a planetary system 
Stars are born of the clouds of diffuse gas and dust that occur throughout the galaxy, termed the 
interstellar medium (ISM). The majority of the gas is made up of hydrogen and helium.  There are a 
number of different types of molecular cloud that make up the interstellar medium: dark, 
translucent and diffuse (Ehrenfreund & Charnley 2000).  Star formation occurs when a dense 
fragment of a molecular cloud begins to collapse, and a primitive solar nebula is formed. One 
example of such ‘stellar nurseries’ is the famous Orion’s nebula. Infalling material and gravitational 
collapse define the central protostar and planetary disc. Remote observations by the Hubble Space 
Telescope have shown these discs being formed in the Orion nebula. The degree to which organics 
survived the formation of the disc intact and were incorporated into solid bodies is unknown, but 
there are isotopic signatures which show that at least part of the organic material originates from 
pre-solar sources. Small dust particles accreted and built up into kilometre-sized planetesimals.  
During late stage accretion, planetary embryos grew by accumulating planetisimals and other 
planetary embryos (Chambers & Wetherill 1998; Agnor et al. 1999). This accretion of the terrestrial 
 18 
 
Chapter 1 Introduction 
planets was a far from gentle process. It is now believed that Earth’s Moon was formed by collision 
of the proto-Earth with another large body, leaving our natural satellite as evidence of the violent 
history of the solar system (Canup & Asphaug 2001; Jutzi & Asphaug 2011). Impact craters on the 
Moon, preserved for billions of years in the vacuum of space, and radioisotope dating of lunar 
samples, record a surge in the flux of impacts on the Earth-Moon system at around 3.9 Ga, a period 
now known as the Late Heavy Bombardment (e.g. Cohen et al. 2000; Kring & Cohen 2002; Gomes et 
al. 2005). The effects of these impacts on the Earth would have undoubtedly had a severe effect on 
any emerging life (Maher & Stevenson 1988). The asteroids and comets we now observe in the Solar 
System may be regarded as the left-over ‘rubble’ from the construction of the Solar System, and as 
such offer insights into conditions at this time. 
 
3.2. The fate of organic materials 
Isotopic measurements show that a certain amount of the organic material hosted by meteorites has 
been inherited from the solar nebula (e.g. Robert & Epstein, 1982; see Section 4.3.3). Gas phase 
reactions, ultraviolet processing, reactions on mineral grains and reactions around stars are the main 
processes that lead to chemical diversity in the interstellar medium (Botta & Bada 2002). Grain 
processing in ice mantles on dust particles by ultraviolet and cosmic radiation can lead to new 
organic species being formed (e.g. Bernstein et al. 1995, 1999, 2001; Allamandola et al., 1999; 
Hudson et al. 2008; Bouwman et al. 2010). Such processes have also been shown experimentally to 
be capable of generating biologically-relevant compounds including amino acids (Caro et al. 2002; 
Elsila et al. 2007). In addition, there have been a number of organic synthesis mechanisms 
postulated to have occurred in the solar nebula and the parent body. Fischer-Tropsch synthesis of 
aliphatic hydrocarbons from hydrogen and carbon monoxide catalyzed on metal grains was argued 
to have been a key process (e.g. Anders et al. 1974; Hayatsu et al. 1977; Hayatsu & Anders 1981), 
but it has been subsequently shown that this process may not have been as significant (see Section 
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4.3.1.1.). Mineral-grain catalysed reactions have been investigated as potential mechanisms for 
generation of more complex organic molecules from carbon monoxide (Ferrante et al. 2000). Miller 
Urey synthesis of organic mixtures (Miller 1953) has been hypothesized to have occurred in tenuous 
atmospheres of parent bodies (Peltzer et al. 1984), although it is difficult to envisage how a small 
body could retain an atmosphere. The interstellar-parent body hypothesis is now the preferred 
model for the evolution of organic materials. Compounds from the ISM are incorporated into the 
solar nebula and protostellar disc, and they may become chemically modified (Cronin & Chang 
1993). As larger kilometre-sized bodies accreted, alteration processes on these parent bodies 
became a dominant influence on the organic materials. Within the Solar System, asteroids, comets 
and interplanetary dust particles (IDPs) contain organic matter left over from the formation of the 
Solar System. Asteroids have been subjected to various degrees of alteration from heating and the 
action of water. Remote spectroscopic studies of some types of asteroid suggest the presence of 
organic carbon, and comparisons to determine potential parent bodies of carbonaceous chondrites 
have been made with spectral measurements performed on meteorites (e.g. Hiroi et al. 1993; 
Vernazza et al. 2008; Cloutis et al. 2011).  
Comets are perhaps the most primitive objects in the solar system, and the popular descriptor ‘dirty 
snowball’ is frequently applied. Haruyama et al. (1993) calculated that some comets may have never 
experienced heating above 100 K, and under such conditions it may be expected that organic matter 
and other materials from the formation of the Solar System have remained preserved. However, it is 
likely that comets have a complex structure as a result of numerous processes occurring throughout 
their evolution (Prialnik et al. 2008). Investigation of cometary materials has been performed 
remotely and by direct measurement by probes traversing the comet tail. This was achieved in 1986 
with the arrival of comet Halley. A number of space probes, including GIOTTO, VEGA 1, and VEGA 2, 
were sent to intercept, photograph, and measure the comet. One of the findings from these 
missions was the recognition of organic CHON particles in the comet tail, which are made up of the 
light elements which define the name (Clark et al. 1987; Lawler & Brownlee 1992; Kissel & Krueger 
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1987). The Stardust mission launched in 1999 successfully returned particles from comet Wild 2 
(Sandford et al. 2006). The European Space Agency’s Rosetta mission aims to place a lander on a 
comet in 2014. In addition to remote sensing and measurements, there is evidence to indicate that 
cometary materials are being delivered to Earth.  Some interplanetary dust particles are believed to 
be cometary in origin (Sandford & Bradley 1989; Rietmeijer 1998; Flynn et al. 2008). It has also been 
suggested that CI1 chondrites may originate from comets (Lodders & Osborne 1999; Ehrenfreund et 
al. 2001; Gounelle 2011).   
 
3.3. Geological processes on the parent body 
The parent bodies of meteorites experienced various degrees of heating from the decay of short-
lived radionuclides such as 26Al, and impact heating. This heating metamorphosed the mineral 
assemblage and altered the organic materials trapped within. Additionally, water trapped in the 
accreted bodies aqueously altered the bodies, generating phyllosilicate minerals and causing 
chemical changes in the organic component. Recent evidence suggests that the most primitive 
meteorites have a matrix composed of an amorphous silicate phase within which olivine and 
pyroxene crystals grew, rather than the mineral grains being part of the original nebula dust (Abreu 
& Brearley 2011).  
 
3.4. The origin of meteorites 
The asteroids (‘like a star’) are the source of the meteorites that are delivered to the Earth, with the 
exception of some rare lunar and Martian examples. These latter specimens can be identified as 
Martian based on the analysis of shock-induced gas inclusions which match the composition of the 
Martian atmosphere as measured by the Viking landers. Lunar meteorites can be identified by 
comparison with rocks brought back by the Apollo manned moon missions. Asteroids are left-over 
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remnants from accretion and planet building processes, and amongst them are some of the most 
chemically primitive materials in the Solar System. Impacts and breakup of the asteroid bodies send 
fragments into Earth’s orbit. As well as larger deliveries, there is a continuous rain of microscopic 
interplanetary dust particles (IDPs) which are collected in the stratosphere, and micrometeorites 
which can be collected at the Earth’s surface. There is much interest in sampling asteroids, since 
remote sensing can only provide so much information. Specifically, there remain problems with 
matching asteroid types with those of meteorites. A direct sampling mission would allow for direct 
comparison between remotely acquired spectral data and specimen data. Jenniskens et al. (2009) 
tracked and recovered fragments from an asteroid that detonated in the atmosphere, thus allowing 
firmer links between remote and direct observations to be made. The first asteroid sample return 
mission was the Japanese Hayabusa spacecraft, which returned from asteroid Itokawa in 2010, 
having successfully captured particles identified as being asteroidal in composition. A new sample 
return mission planned by NASA is OSIRIS-Rex which will launch in 2016, targeting the small asteroid 
1999 RQ36, which is only half a kilometre in diameter.       
 
 
4. Carbonaceous Chondrites 
4.1.  Meteorite Classification 
Chondrites are a complex assemblage of a number of mineralogical components, including 
refractory calcium aluminium inclusions, chondrules, matrix, and native metals. Calcium-aluminium-
inclusions (CAIs) are refractory inclusions in chondrites that are the oldest objects in the Solar 
System (MacPherson 2007). Carbonaceous chondrites are a type of meteorite with a relatively high 
proportion of organic matter. Before examining the features of carbonaceous chondrites in detail, it 
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is useful to put them in context with other broad meteorite classes, and explain some of the 
features.  
Meteorites are broken into three main groups, the irons, stony-irons, and stones. Irons, as their 
name suggests, consist mainly of iron-nickel. They originate from the shattered cores of 
differentiated planetesimals, where the dense metals settled to the centre of the molten body. As 
such, they provide valuable information on the inaccessible core of Earth. The stony-irons are a 
mixture of metallic iron-nickel and silicate. Stones are predominately silicate and are split into two 
groups, chondrites and achondrites. This classification used to be based on the presence or absence 
of chondrules; however there are examples where the chemical composition of the meteorite 
requires that it be placed in the opposite group. For example, CI chondrites do not contain any 
observable chondrules, although this may be a result of the extensive mineralogical alteration that 
has occurred in these examples. Chondrules are small silicate spheres that are essentially melt 
droplets formed in the nebula. Several mechanisms have been proposed to explain their formation, 
including nebula shock waves and electrical discharge (e.g. Desch & Cuzzi 2000; Genge 2000; Ciesla 
et al. 2004; Cuzzi & Alexander 2006). 
Figure 1.1.   Classification scheme for chondrites, modified from Brearley & Jones (1998). Naming scheme for 
the carbonaceous chondrites: CI = Ivuna; CM = Mighei; CK = Karoonda; CO = Ornans; CR = Renazzo; CV = 
Vigarano; CB = Bencubbin; CH = high metal; Naming scheme for the ordinary chondrites: H = high total iron; L 
= low total iron; LL = low metallic iron relative to total iron, and low total iron; Naming scheme for the 
enstatite chondrites: EH = high iron; EL = low iron. R = Rumurutiite chondrites; K = Kakangari meteorites.  
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Chondrites can be split again into ordinary, carbonaceous and enstatite chondrite groups, along with 
smaller groups or grouplets for Rumurutiite and Kakangari chondrites (types R and K respectively). A 
classification system was proposed by Van Schmus & Wood (1967), and Sears & Dodd (1988) provide 
a more recent overview. A classification of the chondrites is outlined in Figure 1.1. The different 
types of chondrite are classified based on their bulk chemical and isotopic characteristics, and also 
on the degree of thermal and aqueous alteration that the rock has suffered.  The carbonaceous class 
is designated by the letter ‘C’ followed by a second letter which indicates its chemical type, usually 
taken from the name of the type specimen. The petrographic types 1-6 are an indication of the 
extent of thermal or aqueous alteration. Types 1 and 2 are aqueously altered, with type 1 the most 
severe. They have not experienced significant elevated temperatures. Thermal alteration increases 
in severity from types 3 to 6, from around 400 °C to more than 900 °C. Thus for example, a CR2 
chondrite is carbonaceous, of Renazzo chemical composition (Figure 1.1), and is moderately 
aqueously altered. Type CI1 chondrites are regarded as the most primitive objects. ‘Primitive’ is used 
in the sense that the bulk chemical composition closely resembles that of the Sun, with the 
exception of some volatile elements. However, the term could be misleading since the CI1s have 
experienced extensive secondary aqueous alteration, with the mineral framework of the rock 
completely altered to phyllosilicates. The preservation of the primitive bulk composition is likely a 
result of isochemical alteration, with no net transport of material out of the system (Bland et al. 
2009).  
New discoveries and re-assessments of previously described meteorites occasionally result in the 
addition of a new group or an extension of a particular chemical type into new petrographic (i.e. 
alteration) types. Some groups, including the CO3s and the ordinary chondrites have been further 
subdivided on the basis of thermal alteration (McSween 1977). This sub-metamorphic type is often 
denoted by a decimal e.g. CO3.1 (e.g. Scott & Jones 1990). Yet further classification parameters are 
based on the extent of weathering that the meteorite has suffered on the Earth’s surface before 
being collected.  
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Ordinary chondrites are the most common type found on the surface of the Earth, although it has 
been pointed out that this may not be a direct reflection of actual abundances of the various rock 
types in the source region (e.g. Meibom & Clark 1999). Fortuitous impacts and intercepts with orbits 
have the potential to inflict a strong bias on the relative proportions of different meteorite types 
that fall to the Earth’s surface.  
Enstatite chondrites are highly reduced, containing native metals, and are dominated by the mineral 
which gives the group its name.  
Carbonaceous chondrites are the focus of this work, and can contain 2 - 4% organic material. Despite 
the broad classifications outlined above, ordinary chondrites have also been shown to contain 
appreciable quantities of organic material. Some very limited aqueous alteration has occurred in 
some of the type 3s, evidenced by aqueously-generated mineral phases.  
 
4.2. Collection of meteorites 
Meteorites can be categorised as ‘falls’ which were observed to fall and subsequently collected, and 
‘finds’. Meteorites can be identified in hot desert regions and the Antarctic ice fields since their 
appearance contrasts sharply with that of the surrounding environment. In addition, transport in 
glaciers has the effect of concentrating the fallen rocks. Micrometeorites are also collected from 
Antarctic ice because the location is far removed from significant terrestrial dust sources (e.g. Yano 
& Noguchi 1998; Duprat et al. 2007). For organic studies, falls are obviously more desirable since 
finds are subjected to terrestrial weathering, oxidation and contamination by biological organic 
compounds (Bland et al. 2006). For this reason, many desert finds are often severely degraded. The 
meteorites can experience marked heating in the desert which destroys the original organic 
compounds. On the other hand, chondrites are better preserved in glacial ice and are relatively 
protected from external damage, although some alteration still occurs (Sephton et al. 2004).   
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4.3. Organic materials in chondrites 
Since it was first recognized that some meteorites contained substantial amounts of organic 
material, modern advances in analytical techniques and instrumentation have allowed increasingly 
detailed examination of the organic inventories of these rare rocks. The organics in carbonaceous 
chondrites occur in two broad categories: solvent-soluble ‘free’ organics which are readily 
extractable and amenable to analysis, and a refractory macromolecular ‘kerogen-like’ substance. 
Deuterium enrichment in the ISM and chondritic organics indicate a connection between the two, 
and show that a proportion of the organics in the early Solar System were inherited from the 
primitive molecular clouds. The deuterium enrichment occurs as a result of low-temperature gas 
phase isotopic exchange. Oxygen isotope data constrains the degree of heating experienced by CI1 
and CM2 meteorites to be fairly low, at <20 °C for CM2 and <150 °C for CI1 (Clayton & Mayeda 1984) 
however these values are dependent on the application of model isotope reservoirs. Type 3 
chondrites have experienced temperatures of around 300-400 °C, increasing to >900 °C for the most 
extremely heated type 6. At these higher temperatures, recrystallisation of minerals is complete, 
and organic matter is largely destroyed. 
 
4.3.1. Free organic compounds 
Of all the carbonaceous chondrites held in our collections, Murchison (CM2) has been the main 
focus of research into organic compounds, mainly as a result of its rapid collection after falling which 
reduced the opportunity for contamination and weathering. Similarly rapid collection of the 
recently-fallen C2 ungrouped Tagish Lake has also made it the subject of intensive study (Herd et al. 
2011). The organic compounds in Murchison were quickly analysed (Kvenvolden et al. 1970; Oró et 
al. 1971; Studier et al. 1972; Levy et al. 1973).  A wide variety and range of free organic compound 
classes have been detected (Table 1.1), including amino acids (Kvenvolden et al. 1970; Cronin et al. 
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1981; Cronin & Pizzarello 1986), carboxylic acids (Yuen et al. 1984), alcohols (Jungclaus et al. 1976), 
ketones and aldehydes (Hayes & Biemann 1968; Basile et al. 1984), and nitrogen heterocycles (e.g. 
Folsome et al. 1971). Many of them, including amino acids and nitrogen heterocycles, have direct 
astrobiological relevance. These compounds, delivered to the surface of the young Earth, may have 
provided some of the basic starting materials that help start pre-biotic organic chemical evolution, 
eventually leading to living systems. The fact that these compounds can be synthesised abiotically 
demonstrates the ease with which complex organic processes could have begun on the early Earth.  
One of the main features of these organic classes is the presence of the full range of structural 
isomers, indicating that they are the product of random synthesis, rather than directed biological 
synthesis. At least part of the free organic faction is suggested to be derived from the labile 
macromolecular fraction; that is, the part of the macromolecule that is amenable to chemical or 
thermal degradation (Sephton et al. 1998) 
 
4.3.1.1. Aliphatic hydrocarbons 
A summary of the solvent-extractable organics and their abundances in the Murchison meteorite is 
shown in Table 1.1.  Different compound classes can be extracted by using solvent of different 
polarity.  
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Table 1.1.   Abundances of organic compounds within the Murchison chondrite. Adapted from Sephton & 
Botta (2008); references for the measurements of compounds are listed therein. 
 
Compound Abundances  
 % µgg-1 
Macromolecular material 1.45  
Carbon dioxide  106 
Carbon monoxide  0.06 
Methane  0.14 
Hydrocarbons:   
   Aliphatic  12-35 
   Aromatic  15-28 
Acids:   
   Monocarboxylic  332 
   Dicarboxylic  25.7 
   α-hydroxycarboxylic  14.6 
Amino acids  60 
Diamino acids  0.04 
Alcohols  11 
Aldehydes  11 
Ketones  16 
Polyols  ~24 
Ammonia  19 
Amines  8 
Urea  25 
Basic N-heterocycles  0.05-0.5 
Pyrimidines  0.06 
Purines  1.2 
Benzothiophenes  0.3 
Sulphonic acids  67 
Phosphonic acids  1.5 
   
   
   
Extracted hydrocarbons can be separated into aliphatic, aromatic and polar fractions by silica-gel or 
alumina chromatography, a technique first used on carbonaceous chondrite extracts by Meinschein 
(1963).  
The aliphatic hydrocarbon fraction is known to be susceptible to terrestrial contamination. There 
was originally some controversy regarding the origin of n-alkanes that were detected in extracts. 
These were at one stage believed to be as a result of Fischer-Tropsch synthesis from carbon 
monoxide and hydrogen on catalytic metal surfaces (e.g. Hayatsu & Anders 1981). However, Yuen et 
al. (1984) measured the isotopic composition of carbon monoxide in Murchison and found it to be 
incompatible with measurements of the alkanes, indicating that carbon monoxide was not the 
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precursor. Together with the recognition that mineral phases required for catalysis were not 
available until later in the history of the parent body (Sephton 2002 and references therein), it 
became apparent that Fischer-Tropsch synthesis was not the mechanism of formation. Instead, it is 
likely that the alkanes have a terrestrial source, as determined by 13C isotope ratios (Sephton et al. 
2001) and observations of decreasing alkane concentration towards the centres of selected stones, 
indicating inward migration of the contaminants (Cronin & Pizzarello 1990). Additionally, 
isoprenoidal biomarkers such as pristane and phytane were detected in a large number of sampled 
meteorites (Nooner & Oró 1967). Deviation from terrestrial values for stable isotopes is the more 
conclusive method of determining indigeneity, although distributions of homologous series can also 
be used. Abiotic hydrocarbons typically contain the full range of structural isomers with no 
preference; directed biological systems produce specific structures which can be readily identified. 
Kvenvolden et al. (1970) and Cronin & Pizzarello (1990) investigated the aliphatic fraction of the 
soluble hydrocarbons and determined the main group of compounds to be an unresolvable complex 
mixture of cycloalkanes. Volatile hydrocarbons can be collected by freeze-thaw disaggregation of the 
meteorite matrix, which release the light hydrocarbons which could otherwise not be extracted with 
solvents (Yuen et al. 1984; Krishnamurthy 1992). Released compounds included C1-C5 alkanes and 
alkenes. 
 
4.3.1.2. Aromatic hydrocarbons 
The free aromatic hydrocarbons of Murchison have also been subject to investigation. Basile et al. 
(1984) identified over 30 polycyclic aromatic hydrocarbons in solvent extracts. This followed on from 
the previous work of Oró et al. (1971) and Pering and Ponnamperuma (1971).  Although three and 
four-ringed PAHs were found to be the most abundant in solvent extracts (e.g. Pering & 
Ponnamperuma 1971; Krishnamurthy et al. 1992) this may be due to loss of more volatile one and 
two-ringed components during sample preparation (e.g. Basile et al. 1984). Sephton et al. (1998) 
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used supercritical fluid extraction which preserves these more volatile compounds, and showed 
them to be abundant.  
 
4.3.1.3. Polar hydrocarbons 
Krishnamurthy et al. (1992) determined that polar hydrocarbons constitute 69-74% of the total 
benzene-methanol solvent extract of Murchison. These authors detected alkyl aryl ketones, 
aromatic ketones and diketones, and nitrogen and sulphur heterocycles. In support, Pizzarello et al. 
(1994) found that the polar fraction makes up around 70% of the hydrocarbon fraction of 
Murchison.  
 
4.3.1.4. Analyzing the free hydrocarbons 
Gas chromatography-mass spectrometry of organic solvent extracts has remained the standard for 
characterizing the free hydrocarbons. Variations on this technique includes compound specific 
isotope analysis, and two-dimensional GC x GC-MS which assists in the separation of highly complex 
mixtures. However, more sensitive techniques than solvent-extraction have been utilized for looking 
at the aromatic hydrocarbons. Two-step laser ablation mass spectrometry (L2MS) was used by Hahn 
et al. (1988) on a range of carbonaceous chondrites of different petrographic types, and allowed 
detection of a range of condensed and alkylated PAHs. L2MS also allows mapping of the organic 
material. The technique allows the analysis of small particles such as interplanetary dust particles 
which cannot be analyzed using conventional methods (Clemett et al. 1993). 
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4.3.2. Macromolecular organic material  
4.3.2.1. Composition and structure 
The macromolecular material in carbonaceous chondrites makes up by far the greatest proportion of 
the organic material, comprising 70-99% of the total. It has a composition of C100H48N1.8O12S2 as 
determined by pyrolytic release studies of Murchison (Zinner 1988). The occurrence of 
macromolecular material can be investigated using imaging techniques. Spherical and tube 
morphologies of aromatic particles have been identified (e.g. Nakamura et al. 2002; Garvie & Busek 
2004). Extreme isotopic values indicate that these globules have a presolar origin, and may 
represent the remains of aromatic mantles that formed on ice grains (Nakamura-Messenger et al. 
2006). These are distinct from the bulk of the amorphous macromolecular carbon that can be 
identified. These results show the presence of at least two separate phases of macromolecular 
material that must be taken into account when looking at bulk organic analysis data. At present, 
there is no established connection between these morphologically distinct phases and 
heterogeneities in stepped combustion analyses (Pizzarello et al. 2006; Alexander 1998, 2007). 
Macromolecular material in meteorites has two main components: a labile fraction which can be 
broken apart relatively easily by pyrolysis, and a second refractory component which can only be 
degraded at high temperatures with oxygen. The refractory portion is believed to be composed of a 
cross-linked network of 5-6 ring PAHs, inferred by comparison with terrestrial coals (Sephton et al. 
2004). Despite the high relative quantities of the macromolecular material, it has historically 
received less attention than the soluble fraction, primarily as a result of the difficulties inherent in 
analysing it. A number of mechanisms have been put forward to explain the formation of the 
macromolecular material. Fischer-Tropsch synthesis of aliphatic hydrocarbons which subsequently 
polymerised to form macromolecular materials had initial support from isotopic signatures, the 
presence of aliphatic groups in the macromolecule, and the occurrence of the organic complex 
around mineral grains (see Sephton 2002). However similar arguments against it have been made as 
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for the free n-alkanes. The macromolecular material has also been suggested to form in the solar 
nebula in a similar way to the mechanism proposed to generate polycyclic aromatic hydrocarbons in 
stars (Morgan et al. 1991). 
 
4.3.2.2. Analyzing the macromolecular organic component 
Elucidating the composition and structural characteristics of the macromolecule is a far from trivial 
task. The large macromolecule cannot be treated in the same way as the free hydrocarbons. The 
material may be analysed passively by such techniques as nuclear magnetic resonance (NMR) 
(Cronin et al. 1987, Gardinier 2000, Cody & Alexander 2005, 2011), Raman spectroscopy (e.g. Quirico 
et al. 2003) high-resolution transmission electron microscopy (HRTEM) (Garvie & Buseck 2004; 
Derenne et al. 2005), infrared spectroscopy (Hayatsu et al. 1977), X-ray absorption near-edge 
spectroscopy (XANES) (Derenne et al. 2002; Cody et al. 2008; Orthous-Daunay 2010) and electron 
paramagnetic resonance (Binet et al. 2002, 2004a, 2004b) which determines the presence of organic 
free radicals. Alternative techniques use chemical or thermal degradation to break apart the 
structure of the macromolecule into smaller units which can be readily analysed. These include 
sodium dichromate oxidation, which targets aliphatic linkages, leaving behind the aromatic cores 
(Hayatsu et al. 1977). Ruthenium tetroxide oxidation destroys aromatic rings in macromolecular 
networks, releasing the short aliphatic linkages which can then be assessed using mass spectrometry 
(Remusat et al. 2005). Aliphatic bridges were found by these authors to be less than seven carbon 
atoms in length, with methyl, ether and ester groups present.  Hydrous pyrolysis (Sephton et al. 
1998), and hydropyrolysis (Sephton et al. 2004b) have also been applied. Hydrous pyrolysis uses high 
temperature pressurized water to break apart the structure. The presence of available hydrogen in 
the water allows the preservation of structural features of the pyrolysates, since free radical sites 
are quickly terminated. The technique is efficient, releasing relatively large quantities of pyrolysates. 
Hydropyrolysis uses hydrogen gas in the presence of a catalyst to break apart the structure at 
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temperature. This method allowed the detection of ≥5-ring PAHs in the macromolecular structure 
for the first time. Pyrolysis, with coupled MS, GC, or GC-MS has also been a common technique for 
investigating the macromolecular material, and forms the main part of the analytical work in this 
study.  
 
4.3.2.3. Other forms of carbon 
As well as organic material, carbon also occurs in chondrites in the form of silicon carbide (e.g. 
Hoppe et al. 1996), diamonds (e.g. Lewis et al. 1987; Anders & Zinner 1993), and graphite (Amari et 
al. 1990, 1993; Zinner et al. 1995). These particles are of presolar origin, revealed by unusual isotopic 
signatures in xenon and neon which are produced by nucleosynthetic reactions (e.g. Brearley & 
Jones 1998). Carbon also occurs in the form of carbonate (e.g. Fredriksson & Kerridge 1988; Grady et 
al. 1988; Benedix et al. 2003). 
 
4.3.3. Isotopic analysis of organic compounds in meteorites 
Stable isotopes have been used as a powerful tool for understanding the origin of organic 
compounds in meteorites. 2H (deuterium), 13C, 16O and 17O and 15N are measured relative to their 
more common forms H, 12C, 18O and 14N. Fractionation effects enrich or deplete materials in 
particular isotopes, producing a deviation. This deviation is recorded in ‘per mil’ notation which in 
the case of carbon is based on the formula: 
δ13C =  
   
   
      
   
   
        
    x 1000 
Delta values can be used to distinguish chemical processes, and to determine the presence of 
biological input. In the latter case, biological systems prefer to incorporate the lighter 12C isotope, 
 33 
 
Chapter 1 Introduction 
producing an enrichment in their composition and a depletion in the surrounding environment of 
12C. Characteristic values for biological materials are around -30‰, within a range. Values outside 
this range therefore suggest non-biological input. Deuterium values in chondritic materials give 
extreme values which can only be reconciled by isotopic exchanges at extremely low-temperatures 
in molecular clouds. Alternative mechanisms for high D/H ratios in polycyclic aromatic hydrocarbons 
include exchange of hydrogen with D-enriched ices under the influence of UV irradiation (Sandford 
et al. 2000; 2001). This provides strong evidence that at least some of the materials in chondrites 
including organics were inherited from this presolar material. Previous stepped combustion and 
pyrolysis of Murchison organic residue showed distinct isotopic heterogeneity in different 
components of the macromolecular material (Kerridge et al. 1987; Alexander et al. 1998; Sephton et 
al. 2003; 2004c). Measurement of isotopes also provide insight into formation mechanisms of 
organics. Isotope analysis of simple hydrocarbon fractions obtained by column chromatography 
(Krishnamurthy et al. 1992) have been improved upon by compound-specific isotope analysis. Such 
analyses of free and macromolecular aromatic compounds in Murchison and Cold Bokkeveld point 
towards simultaneous bond breaking and bond-forming processes in the organic complex (Sephton 
et al. 1998; Sephton & Gilmour 2000). Low molecular weight compounds become isotopically 
heavier with increasing carbon number (Gilmour and Pillinger 1994), up to a certain point after 
which the signatures become lighter. The decreasing trend can be explained by the synthesis of 
larger compounds from smaller units, with the lighter 12C isotope being preferentially incorporated. 
Bond breaking produces fragments enriched in 12C, producing the lower molecular weight trend. This 
correlation of δ13C with carbon number does not hold true for δD values of individual moieties of 
Orgueil macromolecular material obtained by pyrolysis and ruthenium tetroxide oxidation (Remusat 
et al. 2006). From this work, a correlation of decreasing D/H with increasing C-H bond energy, as a 
result of different structural positions of H, led to the suggestion that macromolecular meteoritic 
carbon was not of ISM origin, but instead acquired its deuterium isotopic signature as a result of 
exchange with a D-enriched reservoir in the solar disc. Nitrogen isotopes also show heterogeneities 
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during stepped combustion (Alexander et al. 1998, 2007). Again, deviations in δ15N indicate presolar 
contributions. 
 
 
5. Organic material on other Worlds 
5.1. Overview 
The fundamental association of carbon chemistry with life means that wherever organic compounds 
are detected in the Solar System, immediate questions will be raised about the possibilities of life. 
This may not be life in the familiar sense, but also the prebiotic chemical interactions and processes 
that occurred early in Earth’s history, which step-by-step emerged into proto-life. Meteorites and 
comets are investigated for the role they may have had in delivering the starting materials of life at 
this time (Chyba & Sagan 1992). The highly successful Cassini mission to Saturn and its moons have 
provided new insights into Titan, the largest satellite of the ringed planet. Observations had up until 
then been hampered by the thick atmosphere, unique amongst the satellites of the Solar System. A 
lander, Huygens, detached from the Cassini probe and penetrated the atmospheric haze, capturing 
startling images of hydrocarbon lakes and river networks on a landscape of solid water ice (Labreton 
et al. 2005). Although the temperatures on Titan are too low for chemical reactions to proceed at 
any significant rate, this enigmatic world may provide clues as to the nature of the organic 
environment that existed on the early Earth, any record of which has since been erased by tectonic 
processes (Sagan et al. 1992). Nevertheless, it is Mars which has been the focus of extraterrestrial 
life research in the past few decades. 
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5.2. Focus on Mars 
Mars has been a traditional target for questions about the presence of extant or extinct life. Of the 
rocky planets, it is most similar to Earth, with geological and landscape evidence for a warmer, wet 
past. Evidence for water flowing on the surface in the recent past and presently comes from gullies 
(Malin & Edgett 2000) and seasonal flows on Sun-warmed crater walls which are plausibly caused by 
flows of briny water (McEwen et al. 2011).  
 
5.2.1.  The question of life on Mars 
Historically, Mars has been the subject of much popular interest and speculation about the presence 
of extraterrestrial life, from Schiapparelli’s maps, the ‘canals’ of Lowell (1906), and H.G. Wells’ ‘The 
War of the Worlds’ (1898), to more recent claims about the possible presence of fossil life in 
meteorites delivered from Mars (McKay et al. 1996) The presence of PAHs in Martian meteorite 
ALH84001 was given as supporting evidence for the presence of life, however, it was shown by 
Becker et al. (1997) that meltwater from the Antarctic environment the rock was collected from was 
likely to have introduced the PAHs, but this was rebuked by Clemett et al. (1998). As outlined above, 
PAHs are ubiquitous and are not useful biomarkers when considered in isolation.  The Viking 
missions of the 1970s failed to detect any organics (Biemann et al. 1977), with spurious results being 
attributed instead to unusual soil chemistry. Recent reinvestigation has shown however that the 
Viking instruments may not have been able to detect significant amounts of extant microorganisms 
present in the soil (Glavin et al. 2001). It is now recognized that cosmic ray and high UV flux, along 
with the mineralogy of the soil are responsible for rapidly destroying and oxidizing organics in the 
upper layers of the regolith. The ExoMars Rover, scheduled for launch within the next decade is 
designed to overcome these limitations by drilling up to two metres below the surface to horizons in 
the regolith which may have remained protected from the ionizing radiation. One hydrocarbon on 
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Mars that has provoked speculation is methane, which has been detected remotely in the 
atmosphere of Mars. What is unusual is the occurrence of the gas in specific geographical localities 
and its seasonal occurrence (Formisano et al. 2004; Mumma et al. 2009). Possible explanations 
include serpentinization reactions and subterranean biological activity.  
Another major mission that will arrive on Mars in 2012 is the Mars Science Laboratory (NASA) which 
will deploy the Curiosity rover. Among its main mission objectives is to detect organic molecules and 
determine if they could originate from llfe.  
As well as sending instruments to Mars, there are also projects under development that aim to bring 
Mars to the instruments. Future sample return missions to the Red Planet include Mars Sample 
Return (ESA), and the Russian Fobos-Grunt, which is designed to land and retrieve a sample from the 
surface of the Martian moon Phobos before returning to Earth. Phobos, a small irregular body only 
~20 km across, may be a captured asteroid, along with Deimos which orbits further out from Mars. 
Fobos Grunt is scheduled for launch in November 2011, returning to Earth in 2014.   
 
5.2.2. ExoMars 
As outlined above, the ExoMars rover will have the ability to take samples from depth in the 
regolith. These samples can then be analyzed by the onboard instruments. The ExoMars rover is 
scheduled to carry a varied payload (http://exploration.esa.int/). Of most interest here are those 
instruments designed to detect and characterize organic compounds. These include: 
 Raman spectrometer  
Provides information on minerals and organic materials.  
 Mars Organic Molecule Analyzer (MOMA). 
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This instrument will use thermal extraction and gas chromatography with optional 
derivitization on the Martian soil. In addition, a laser device can be used to desorb and 
ionize compounds. The organic species can then be identified by the mass spectrometer. 
 Life Marker Chip (LMC). 
The Life Marker Chip instrument uses solvent extraction (Court et al. 2010) along with 
specific antibodies to identify target organic biomarker compounds. The technique is 
very sensitive, achieving detection limits of parts per billion. Parnell et al. (2007) list a set 
of the target compounds for consideration during the planning stages.  
 
Even if the next generation of space vehicles fails to find convincing evidence for past or present life, 
it is unlikely that questions will fade away. There will always be new areas and environments to 
explore, and theories to test. The limits of our current technology mean that we are only able to 
quite literally ‘scratch the surface’ of Mars. Deep drilling into the rocks for signs of extant endolithic 
organisms, and large scale geological sampling will have to wait for future generations of scientists 
and explorers. 
 
 
6. Project aims 
The next generation of Mars rovers have the ability to detect any organic compounds at very low 
levels. Understanding what might be found involves analysis of materials that might plausibly be 
present in the Martian regolith. This includes abiotic input from carbonaceous meteorites which we 
can readily sample on Earth, and potential biotic organic materials, for which terrestrial biology 
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serves as a template for the types of patterns that might be present. The four investigative Chapters 
of this thesis seek to address some of these questions: 
 Chapter 2 outlines the methods used, and introduces gas chromatography mass-
spectrometry and Fourier Transform-Infrared spectroscopy as the two main analytical 
methods employed throughout this work. 
 Chapter 3 investigates the composition and structure of the macromolecular fraction of 
chondrites using pyrolysis-gas chromatography-mass spectrometry. Multistep pyrolysis 
provides insights into adsorbed hydrocarbons liberated at sub-pyrolysis temperatures and 
nitrogen-bearing organic species released at higher temperatures. The effects of terrestrial 
contamination are shown to affect even the macromolecular portion; however, the type of 
contamination is specific and can be readily accounted for.  
 Chapter 4 investigates a range of characteristics of ordinary and carbonaceous type 3s. In 
addition to organic analysis, pyrolysis-FT-IR experiments simulate the ablation and 
decomposition of these meteoritic materials as they heat up upon entry to the Earth’s 
atmosphere. Measurements of the volatiles evolved during these simulations helps to 
provide constraints on the composition of terrestrial planetary atmospheres early in the 
history of the Solar System.  
 Chapter 5 attempts to overcome the sample limitations imposed by the rarity of 
carbonaceous chondrites, and the consequent limited availability of material for extensive or 
novel experimental work. Analogue materials identified in type IV Jurassic palaeosols 
(ancient preserved soils) are a good match for type 2 and type 1 carbonaceous chondrites. 
This opens up possibilities for finding similar suitable analogue material in other localities, 
thus providing a range of analogues for meteorites of different petrographic types. 
 Chapter 6 looks at the possibility of using simple aromatic hydrocarbons and related 
heteroatomic compounds to distinguish between abiotic macromolecular material in 
meteorites and biogenic terrestrial kerogens. This has direct application to investigations of 
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the organics in the Martian soil in forthcoming robotic missions. The harsh environmental 
conditions mean that refractory organics are the only likely remanants of any past 
biosphere. The technique was found to be able to discriminate broadly between the two 
sample classes; however the contamination of meteoritic samples since their arrival on Earth 
compromised some of the compound distributions. 
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Chapter 2 – Experimental 
1. Introduction 
Proper interpretation of results obtained from analytical equipment in the laboratory depends in a 
large part in understanding the limitations of the technique. Knowledge of the underlying principles 
of operation and the specific designs of the instruments helps to ensure that interpretation of data is 
robust, as well as helping to optimize the analytical method in order to obtain the highest-quality 
data. This is particularly important in the case of extraterrestrial samples, since these materials are 
scientifically valuable and often available only in limited quantities.  
Gas chromatography-mass spectrometry (GC-MS) and Fourier-transform infrared spectroscopy (FT-
IR) form the core of the experimental work in this study, with ancillary data provided by scanning 
electron microscopy, X-ray diffraction, and RockEval. The main obstacle to overcome when analysing 
meteorites is the low organic content of some types. Therefore, sample preparation and 
instrumental methods have to be adapted to achieve high resolution and signal to noise. For GC-MS, 
terrestrial samples with large organic carbon content can have the opposite problem, and in this 
case care must be taken not to overload the system which would produce poor data and have a 
detrimental effect on the performance of the instrument.  A general overview of the methods 
employed in this work is given below. Specific methodology for each set of analyses is given in the 
relevant experimental methods section of each Chapter.  
 
 
 
 
 52 
 
Chapter 2 Experimental 
2. Sample Preparation 
2.1. Solvent extraction of free hydrocarbons 
Sonication of powdered rock sample with solvents is an efficient way of extracting free organic 
compounds. For hydrocarbons, a mixture of 93% dichloromethane (DCM) and 7% methanol (MeOH) 
by volume is used. The sonication times and volumes of solvents used depend on the mass of sample 
being extracted. Following sonication, the solvent is separated from the sample matrix by 
centrifugation. This total extract contains a complex mixture of organic molecules which have 
different polarities. A common sample preparation technique is to separate this mixture into broad 
fractions of apolar and polar compounds. The fractionation of extracts allows some of the 
complexity of the mixture to be reduced before GC-MS analysis, resulting in clearer chromatograms 
with less co-elution of compounds, which assists compound identification.  Separation of polar 
compounds is also necessary since these are incompatible with the apolar GC column stationary 
phase and will accumulate on the GC system. Fractionation is performed on an activated silica gel or 
alumina microcolumn. A glass pipette is loaded with the stationary phase, and the sample, which has 
been adsorbed and dried onto stationary phase, is loaded into the top of the column. Elution of the 
column with solvents of increasing polarity permit the collection of the fractions. Typically, hexane is 
used to elute the aliphatic fraction, dichloromethane for the aromatic fraction, and methanol for the 
polar fraction. This latter fraction may require derivitization in order for GC-MS analysis to be 
successful, since the polar functional groups are often not compatible with the GC column stationary 
phase. At least two, and preferably three, bed volumes of clean solvent are run through to elute 
each fraction, although it can be observed that most of the separated compounds travel through at 
the solvent front.  
A wide range of carbonaceous and ordinary chondrites have been analyzed in this study, principally 
by pyrolysis. However, a small number have also been solvent extracted for investigation of free 
hydrocarbon compounds. Prior to extraction with organic solvents, the meteorites Ornans, 
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Chainpur, Bishunpur and Colony were subjected to hot-water extraction for recovery of amino acids 
(Chan et al. in prep). This method involves heating the rock powder in high-purity water to a 
temperature of 100 °C for 24 hours. Given that these meteorites are only available in small 
quantities, it is important to maximize their potential, hence they are subjected to multiple 
procedures. The hot water extraction process is likely to cause the loss of some of the more volatile 
hydrocarbon components, and also has the potential to modify by oxidation the macromolecular 
material in the meteorites. However the short duration and relatively mild conditions means that 
any modification of the macromolecular organic material is likely to be slight. The oxidation process 
also affects the mineralogy of the rock, oxidizing certain components such as native iron. This has 
implications for later py-GC-MS analysis, since iron oxide can act to oxidize organics in heating 
experiments (e.g. Navarro-Gonzalez et al. 2006).  
For pyrolysis GC-MS, small quantities of powdered samples are extracted as above. Thus the 
compounds released upon pyrolysis will originate only from the non-soluble macromolecular organic 
component.  
 
2.2. Contamination Control 
During extraction, organic-free substrates can be used to monitor for contaminants that are 
inevitably acquired during sample preparation (Kebukawa et al. 2009). This has application for both 
solvent extracts and for extracted powders which are then analyzed by pyrolysis. This allows specific 
compounds to be discounted from interpretation, or corrected quantifiably. Typical contaminants 
come from plasticizers, solvent background, vial caps, and airborne contaminants from laboratory 
exposure. Contamination can also occur on the analytical system; for example carryover can occur 
on a GC-MS system if samples are incorrectly prepared. Blank runs at intervals between samples 
help to identify this problem. 
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In the case of the meteorites, some of which are susceptible to contamination due to their low 
organic contents, sample preparation was carried out as far as possible in a laminar flow cabinet in a 
clean room. This reduced the opportunities for contamination by airborne particles or dust which 
would be present in a typical laboratory environment. 
Glassware, wrapped in aluminium foil, was cleaned by firing in air at 500 °C for a minimum of three 
hours, after basic detergent washing procedures, if required. This method is sufficient to combust all 
organics and is used routinely in extraterrestrial sample analysis (Botta & Bada 2002). Aluminium foil 
strips, similarly fired, were used as covers for test tubes and sample vials, as opposed to materials 
such as Parafilm, which will immediately contaminate solvent extracts.  
 
 
3. Instrumentation 
Since gas chromatography-mass spectrometry and FT-IR form the bulk of the work in this study, the 
instruments and techniques are described in detail here. 
3.1. Gas chromatography-mass spectrometry 
Gas chromatography-mass spectrometry has become a very widely-used technique for routine 
analysis of materials in a range of industrial and environmental applications. The technique is 
sensitive, allows easy separation of components, and provides firm identification of compounds. As 
such it has been used for studies of the solvent soluble fraction of meteorites (e.g. Studier et al. 
1972; Basile et al. 1984; Cronin & Pizzarello 1990; Krishnamurthy et al. 1992). 
 
 
 55 
 
Chapter 2 Experimental 
3.1.1. Equipment overview 
GC-MS analyses were performed on an Agilent 6890 gas chromatograph coupled to an Agilent 5973 
mass selective detector. The column used was a 30 m J&W Scientific DB-5MS 0.25 mm i.d. 0.250 µm 
film thickness. Single taper deactivated liners were used for solvent injection. ChemStation control 
and data analysis software was used.    
 
3.1.2. Principles of operation 
Solvent extracts are sealed in vials, and are made up to a specific volume. Internal standards can also 
be added for quantification. Typically, 1 µl of the solution is injected into the inlet of the GC, either 
manually or by autosampler. The inlet contains a deactivated glass liner with a volume of around 1 
ml. The inlet is maintained at 250 °C. When injected, the liquid solvent instantly vaporizes and 
expands to fill the volume of the liner. A flow of helium sweeps the vapour in the liner onto the head 
of the capillary column, which is held in position at the base of the liner. A separate split vent allows 
a portion of the flow to be diverted out of the inlet system. This is used to prevent overloading of 
the column and detector in the case of concentrated samples. Splitless injection occurs with this 
valve shut, meaning the entire sample goes on to the column. The temperature of injection must be 
sufficiently high that solvents are instantly vapourized, however if the temperature is too high then 
compound degradation can occur before the sample even makes it on to the column. Less labile 
species generally require a slightly higher inlet temperature. A small helium flow running across the 
top of the liner helps keep the top of the inlet clear. The capillary column is a fine glass tube with a 
protective outer coating. The interior of the column is coated with a film of stationary phase. This 
interacts with the compounds in the mobile gas phase and produces the chromatographic 
separation. Different polarities, selectivity and diameter of column can be used depending on the 
application. The DB-5 MS column stationary phase consists of 5% phenyl, 95% dimethylarylene 
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siloxane, and is non-polar. DB5 is a good all-round phase for general use. Each compound travels 
down the column in a tight band, at different rates to the other compounds from the original 
complex mixture. The compound bands emerge from the end of the column into the mass selective 
detector. Here, a heated filament provides a stream of electrons which ionizes and fragments the 
molecules. The molecules break up into characteristic fragments. The size and relative responses of 
these fragments, coupled with the retention time, allow identification of a particular compound. In 
the case of unknown compounds, examination of the pattern of ion responses can allow 
identification of particular atoms and fragments, and thus the original molecule can be 
reconstructed. The ions are accelerated away from the ion source through a series of lenses, and 
pass through the quadrupole. The quadrupole has a varying radio frequency voltage applied. Ions 
with particular mass to charge ratio can only travel through the quadrupole uninterrupted at a 
specific voltage. All other ions collide into the quadrupole. The MSD scans across a voltage range and 
hence m/z range. The ions that pass through the quadrupole impact the electron multiplier where a 
signal is sent to the control computer and a response is recorded.   
 
3.1.3. Method development 
Optimisation of instruments is an essential step in the analytical process. Various factors can 
influence the response of the instrument to a sample. For example, the ionization efficiencies of 
different organic species in the mass spectrometer can affect the relative responses between 
different compounds of identical concentration. Instrument parameters can be varied to improve 
the quality of gathered data. The main set of parameters for GC-MS setup is shown in Table 2.1.  
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Table 2.1.   GC-MS operating parameters. A slow oven ramp rate improves separation of compounds in 
unknown complex mixtures. Threshold is the abundance below which the MSD software disregards response. 
Sample number is a measure of the number of times that the MSD samples at a particular m/z during the scan. 
 
Parameter Typical setting Comment 
Injection mode Split or splitless Depends upon sample concentration 
Start Temp 30 – 50 ˚C  Depends upon solvent boiling point  
Hold Time 2.00 minutes Affects resolution of earlier peaks (minor effect) 
Ramp 4˚ Cmin
-1
 Affects retention time and peak widths 
Final Temp 310 ˚C Column temp limit; ensures complete elution of solutes 
Hold Time 20 minutes Ensures all solutes have eluted 
Solvent Delay 8.00 minutes Prevents MSD damage 
Injector Temp 250 ˚C Analyte volatility and stability; 250 °C is suitable for most analyses 
Flow Rate 1.1 mlmin
-1
 Linear velocity of carrier gas must be optimal 
Purge Time 2.00 minutes Applies to splitless. Two liner volumes to be swept before purge 
Purge Flow 50 mlmin
-1
 Fixed 
Scan Range m/z 50-550  Mass range of analytes 
Threshold  50 Below this value, responses are not recorded 
Sample Number 2  
MS Source 230 ˚C Fixed  
MS Quadrupole 150 °C Fixed 
Transfer Line 310 ˚C Final hold temp; avoids cold spot on the column 
 
3.1.4. Solvent GC-MS injection technique 
Trace analyses are always carried out in splitless mode; that is the split valve on the inlet remains 
closed until a set time, when it is opened and the inlet is purged with carrier gas to remove any 
remaining sample. Automatic samplers have a distinct advantage over manual techniques by being 
extremely consistent, providing a high degree of reproducibility in a sequence of runs. The high 
speed of sample injection helps reduce compound discrimination. However, due to the low 
concentrations of organics in meteorites, sample volumes must be reduced to microlitres before 
injection, in order to obtain a clear signal. Queued on an autosampler, these volumes would quickly 
evaporate, and could not be accurately collected from the vial. Consequently manual injection must 
be performed. Grob and Neukom (1979) performed tests on standards to determine the injection 
technique which minimizes compound discrimination. The discrimination problem stems from 
residues of sample trapped in the dead volume of the needle of the syringe used for injection. The 
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needle is heated extremely rapidly upon insertion. If there is sample present in the needle, this will 
begin to vaporize before the plunger is depressed and the run begun, resulting in poor 
chromatography. Compounds with a lower boiling point will be vapourized preferentially to the high 
boilers, which will remain behind inside the needle. This results in compound discrimination, with 
higher boiling point compounds being under-represented in the data. The technique used for all 
analyses in this work was the ‘hot needle’ technique (Grob & Rennhard 1980). Sample solution of 
the required volume (1 µl is a typical safe volume) is drawn into the syringe. The sample is then 
drawn up into the body of the syringe as a solvent ‘slug’, with the needle volume filled with air. The 
needle is inserted quickly into the inlet, where it is allowed to heat for 3 seconds. Rapid depression 
of the plunger and withdrawal of the syringe after 3 seconds follows. The final 3 seconds helps 
reduce overpressure in the inlet due to expansion of the solvent and allows any remaining 
compounds in the needle to be volatilized. Consistency of the injection style between analyses is 
essential. It is considered that very fast autosampler injection represents the closest to ideal, since 
the repeatability is high and discrimination is low (Doherty 2003). 
 
3.1.5. Solvent GC-MS: a note on start temperature 
The start temperature should ideally be 10 to 20 °C below the boiling point of the solvent. This takes 
advantage of the solvent effect, whereby the solvent vapour condenses in a film near the front of 
the column. The compounds sweeping through the column are trapped on this film in a narrow 
band. Once the GC oven ramp has exceeded the boiling point of the solvent, the compounds are 
released and travel down the column in tight bands. The result is improved chromatography. For an 
aliphatic fraction dissolved in hexane (boiling point 69 °C), 50 °C is a suitable start temperature, for 
dichloromethane (boiling point 40 °C), a start temperature of 30 °C is a good compromise between 
low start temperature and the time required to cool the GC oven. 
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3.1.6. Quantification 
For the meteorite samples ‘semi-quantification’ was performed. Complete quantification would 
require running known concentrations of pure standards for each of the compounds under 
investigation, due to the different ionization efficiencies and behaviour of the compounds during GC-
MS analysis. Whereas this would be feasible for applications involving relatively small numbers of 
target compounds (e.g. environmental analysis) for the large number of compounds present in 
meteorites this is not practicable. Semi-quantification in this manner is performed routinely for 
geochemical analyses. Standards were run externally, and comprised hexamethylbenzene and p-
terphenyl for the aromatic fraction, and adamantane and squalane for the aliphatic fraction. 
Quantification was performed using a single-point calibration curve, with the assumption that the 
response of the GC-MS to concentration is linear. 
 
3.1.7. Interpreting data 
The end result of the data acquisition process is a chromatogram (See Chapters 3, 4, 5, and 6 for 
examples). Time runs along the bottom of the chart, with detector response (in arbitrary units) on 
the vertical axis. The basic plot is a total ion chromatogram (TIC), which shows the overall detector 
response. In many cases it is often easier to identify peaks by extracting a particular mass / charge 
value from the total signal, called an extracted ion chromatogram. This allows weaker peaks that are 
not very apparent on the TIC to be more positively identified, and helps identification of compounds 
by extracting their characteristic ions. Extracted ion chromatograms also help distinguish closely-
eluting peaks that have different mass spectra. Additionally, peaks may be ‘cleaned up’ from 
interference with co-eluting compounds by subtracting one mass spectrum from another. This 
method can also be used to subtract column bleed background from peaks of interest. Peak areas 
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can be acquired automatically or defined manually using the ChemStation analysis software; values 
can be copied into a spreadsheet for further analysis.  
 
3.2. Pyrolysis GC-MS 
3.2.1. Overview of the system 
Pyrolysis-GC-MS, or related techniques, have been used since the late 1960s and early 1970s for the 
investigation of meteoritic macromolecular material (e.g. Simmonds et al. 1969; Studier et al. 1972; 
Levy et al. 1973; Bandurski & Nagy 1976). One early use involved placing a sample of Murchison 
directly in the source of the mass spectrometer (Hayes & Biemann 1968).    
The GC-MS system described above was augmented with a Chemical Data Systems AS 2500 pyrolysis 
autosampler with platinum filament heating coil (Figure 2.1). Pre-loaded quartz pyrolysis tubes are 
Figure 2.1.   The pyrolysis-GC-MS apparatus. The autosampler control unit governs the operation of the 
autosampler and also sends the start signal to the GC and MSD. Once the GC and autosampler method 
sequences have been programmed, operation is fully automated.  
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stored in a carousel, where they are sequentially introduced into the pyrolysis chamber. After 
purging with helium gas, the sample chamber is brought online with the carrier gas supply to the GC 
column and the sample is pyrolyzed. The pyrolysates are then swept into the GC inlet and onto the 
column. Similar considerations apply to py-GC-MS as to ordinary GC-MS when optimizing the 
equipment. The pyrolysis unit has significant dead volume from the gas tubing and pyrolysis 
chamber. For the best chromatography, the pyrolysates must be introduced onto the column as 
quickly as possible, necessitating higher flow rates. For high-yield samples, the gas chromatograph is 
operated in split mode with a high split ratio. With the same pyrolysis unit, Blokker et al. (2005) 
demonstrated that at higher split ratios, there is greater efficiency of sample transfer (i.e. compound 
response normalised to the split ratio). However, for low yield samples such as meteorites and Mars 
analogues, split mode is unsuitable since the majority of the sample will be swept out of the split 
vent. Following pyrolysis, the unit can ‘clean to vent’ by heating the pyrolysis chamber to 1200 °C to 
sweep away residues. Blanks were run between samples to check for memory effects from 
compounds remaining in transfer lines (cf. Blokker et al. 2005). Additionally, narrow-bore liners were 
used in the inlet to reduce dead volumes further. These liners have an internal volume <10 % of 
ordinary splitless liners, helping to improve chromatography.   
Pyrolysis-gas chromatography is routinely used in polymer and natural materials analysis, and the 
results are often highly reproducible. Characteristic and diagnostic products of particular compounds 
and polymeric materials can be recognized. However, although the pyrolysates are reproducible, 
they are generated by complex reactions and free-radical interactions in the hot pyrolysis vapour 
cloud. Thus, structures or functional groups that are present in the pyrolysis products may not be 
directly representative of those in the macromolecule being analysed, but can provide clues as to 
the original relationships. For example, phenol groups result from cleavage of ether bonds, by 
addition of a hydrogen. New compounds can be formed which were not present in the original 
sample, as bonds are made and broken. Larter and Douglas (1978) caution against the use of 
benzene as an indicator of aromaticity of a sample since Svob et al. (1972) showed that cleavage 
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largely occurs at the bond β to the benzene ring, yielding toluene (see also Hartgers et al. 1994). 
Larter and Douglas (1978) suggest that benzene is instead a product of rearrangements during 
pyrolysis. The compounds revealed in a pyrogram must therefore not be taken at face value, and 
there should be some consideration of the formation mechanism.  
 
3.2.2. Pyrolysis-GC-MS method development 
A pre-calibrated purge line, set at approximately 20 mlmin-1, is set for the autosampler. This purges 
the pyrolysis chamber with helium before and after pyrolysis. This purge time is set as 15 seconds. 
The pyrolysis chamber, of volume 1.0 ml, is therefore swept with 5 volumes of helium before 
pyrolysis commences, removing any air. 
Calculation 2.1.   Consideration of dead volumes in the autosampler pyrolysis unit. 
Volume of sample chamber: 1.0 ml 
Volume of needle assembly: 0.047 ml (6 cm long; 1 mm internal diameter) 
Volume of pyrolysis transfer line:  0.088 ml (45 cm long; 0.5 mm internal diameter)  
Total pyrolysis unit dead volume = 1.0 + 0.047 + 0.088 = 1.14 ml 
Total flow rate: 3.5 mlmin-1 
Total gas volume during sweeping stage: 3.5 mlmin
-1
 x 1.75 minutes = 6.125 ml (or approx 5 dead volumes) 
 
At 35 °C column temperature, with 280 °C inlet temperature and column flow rate of 1.1 mlmin-1, 
the inlet flow rate = 1.47 mlmin-1. This value is calculated using software which controls the pressure 
and flow rates in the gas chromatograph, and is available separately from the manufacturer (Agilent 
– Hewlett-Packard FlowCalc 2.0). Together with a purge flow of 2-3 mlmin-1, this gives a total flow 
through the unit of approximately 3.5 mlmin-1 (minimum) during the time the sample is being 
pyrolyzed at the start of the run. Therefore leaving the pyrolysis chamber online for 1.75 minutes 
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after the end of pyrolysis, the chamber and transfer lines (1.14 ml; Calculation 2.1) are swept with 
around 5 volumes of helium gas. This is more than sufficient, since 2-3 volumes are normally 
required.  
 
Figure 2.2.   Cross-section of the gas chromatograph inlet with pyrolysis needle assembly attached, illustrating 
the gas flows. In normal operation, with no pyrolysis unit attached, the septum purge gas would divert from 
the main carrier line. Since this occurs over the top of the liner, virtually no sample is lost, assuming the 
solvent vapour volume does not exceed that of the liner. With the needle inserted, the entire gas flow enters 
the inlet through the needle, and some sample will be swept back up around the outside of the needle and out 
of the septum purge. This is unavoidable, and means the septum purge essentially acts as a miniature split line. 
However, the ratio of sample which goes on column, and that which diverts through the purge is unknown, 
and is not linearly related to the flow rates through each. 
 
The volume of liner is small at 0.089 ml (7.85 cm long; 0.06 cm internal radius), meaning that the 
pyrolysates, once transferred out of the pyrolysis unit, will be quickly introduced to the column 
(Figure 2.2). After the sweeping stage of the sequence, the pyrolysis chamber is kept online with the 
GC for a further 15 seconds whilst the inlet purges at a rate of around 50 mlmin-1 to the split vent. 
This is intended to flush any remaining pyrolysates out of the pyrolysis unit, helping to prevent 
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sample carry over and ghost peaks. After this period, the sample chamber is taken offline and 
normal carrier flow is resumed (Figure 2.3). 
 
Figure 2.3.   Timeline for splitless mode injection. Pyrolysis proceeds for 15 seconds (red). Pyrolysis products 
are swept onto the column for 1.75 minutes (grey). After 2 minutes total run time, the inlet of the GC, and the 
pyrolysis chamber and transfer lines, are purged for 15 seconds (blue). The pyrolysis chamber is then taken 
offline. Pyrolysis unit and GC operations are then complete, and the run continues (green). Post pyrolysis delay 
= 2 minutes. 
 
The gas chromatograph run begins at the same time as pyrolysis initialization. GC initial temperature 
is low (35 °C) in order to take advantage of the cold trapping effect, which helps to improve 
chromatography. The oven ramp begins as soon as the pyrolysis chamber is purged. A slow heating 
rate of 4 °C/min gave good chromatographic resolution. The overall sensitivity of this splitless 
method is good. Compounds are easily detected at meteoritic masses of 1-2 mg (Bishunpur used as 
test). 
 
3.3. Fourier Transform – Infrared Spectroscopy  
FT-IR spectra of a range of recent and ancient charcoals were acquired using a Thermo-Nicolet 5700 
FT-IR spectrometer with a Smart Orbit accessory plate with diamond crystal.  The FT-IR spectrometer 
generates a spectrum (see Chapter 5 for examples) using the following sequence 1) infrared 
radiation is generated by the source, and is reflected to the interferometer 2) In the interferometer, 
the beam is split, with one beam reflected from a static mirror and the other reflected from a 
continually moving mirror. The two beams are recombined, and interfere, producing a beam with a 
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specific set of wavelength combinations. This combination changes continually as the mirror moves 
along its track. 3) The beam is reflected from a mirror and directed through the sample, and then on 
to the detector. The beam strength (the sum of all wavelengths) is measured by the detector at each 
mirror position; this creates the interferogram which contains the full infrared signal. Each track of 
the moving mirror is one scan; multiple scans are performed for each analysis to limit the effects of 
noise. 4) By applying Fourier transform to the data set of beam intensities of different wavelength 
combinations (the sample interferogram), and comparing with a background interferogram, the 
absorbance at each individual wavelength can be calculated by the software. A key advantage of FT-
IR measurements is the speed and ease with which data can be acquired. The sample measurement 
technique utilized by the Smart Orbit accessory is attenuated total reflection spectroscopy (ATR). An 
infrared beam is directed into the diamond crystal where it is reflected inside, before exiting and 
being measured. The internally-reflected infrared beam interacts with a sample in contact with the 
crystal by evanescent waves, which occur as a consequence of total internal reflection. These waves 
only penetrate a short distance from the crystal into the sample. Background spectra are collected 
before each sample in order to compensate for the signal of the crystal.  Background and sample 
spectra can be acquired at different resolutions, however, 4 cm-1 is a typical resolution, and the 
number of acquired spectra varies from 32, 64 to 128 or more scans. The more scans, the longer the 
acquisition time, and there may only be slight improvement in data quality. Particular bond types in 
the sample absorb specific wavelengths of infrared radiation and vibrate in a number of modes, such 
as stretching or bending. These absorbances are recorded in the infrared spectrum. If the radiation is 
absorbed strongly, then the peak is larger (less radiation of that wavenumber is transmitted).     
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3.4. Pyrolysis-FTIR 
3.4.1. Overview of the Pyrolysis-FT-IR system 
Samples were analyzed using a Thermo-Nicolet 5700 FTIR spectrometer with liquid nitrogen cooled 
MCT-A (mercury cadmium telluride) detector. The pyrolysis unit was a Chemical Data Systems 5200 
pyroprobe, with platinum filament coil. The FT-IR spectroscopic technique is similar to the Smart 
Orbit accessory, however, rather than a crystal plate, the infrared beam is passed through a cell 
(called a Brill cell) which is heated to 250 °C to prevent sample condensation. This cell contains the 
sample gases to be identified and quantified. The gases are generated by flash pyrolysis of milligram-
quantities of rock matrix (or other sample) packed in a quartz tube. This quartz tube is inserted in 
the platinum pyroprobe coil and introduced into the centre of the Brill cell, close to the path of the 
infrared beam. The cell is kept filled with inert helium. The cell is kept slightly overpressured during 
Figure 2.4.    The FT-IR unit with Brill Cell. The pyroprobe, with the quartz tube containing sample, is inserted 
through the interface. The sample is positioned close to the IR beam. The cell is filled with helium; the cell is 
purged with high flowrate after each run, and a smaller flow is maintained during sample insertion in order to 
prevent air entering. The MCT-A detector is on the left hand side – the grey covers for the charging of liquid 
nitrogen show its position.  
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sample insertion to prevent air entering the cell. The cell is purged after each sample run to remove 
the gases. 
 
 3.4.2. Quantification 
In order to quantify the small amounts of gas being released, calibration curves were generated. For 
water, known masses of sodium hydrogen carbonate (NaHCO3) were subjected to pyrolysis at 600˚C. 
Sodium hydrogen carbonate decomposes according to the equation:  
2NaHCO3  CO2 + H2O + Na2CO3 
 
  
Although carbon dioxide is also generated by this reaction, the quantities are too great compared to 
the amounts released from the meteorites. Consequently, a calibration curve for carbon dioxide was 
generated by direct injection of gas into the cell of the FT-IR spectrometer. Following from Court and 
Sephton (2009a), the peak used for quantification of water was 3853 cm-1 and for carbon dioxide 
669 cm-1. These wavenumbers were chosen due to their large size and isolation from other peaks 
caused by other gases. Values were corrected for the systematic error caused by the large dead 
volume of the needle used with the gas-tight syringe for carbon dioxide gas injection. The Brill Cell is 
held at 250°C, so any trapped gas in the needle dead volume will rapidly heat up from ambient room 
temperature and expand into the cell. This is only a significant effect at low calibration injection 
volumes. Correction was also made for the absence of the coil probe in the cell during gas injection, 
which changes the free volume of the cell. Volumes of carbon dioxide ranging from 10 µl to 500 µl 
were analyzed; however the curve generated is not uniform over this large range, consequently, the 
range of values appropriate to the amounts of gas generated from the meteorites was selected and 
a curve fitted to this. This curve is described by a second-order polynomial. Although the calibration 
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curve for water is also a second-order polynomial over a large mass range, due to the low masses 
employed here, together with the scatter from weighing errors, the points are adequately described 
by a straight line equation. Quantification is performed by use of the quadratic formula in the case of 
the curve or by simple substitution in the straight-line equation.  
The mass of injected carbon dioxide was determined from the ideal gas equation PV=nRT. The 
calibration curve for water is described by the equation y = 0.3077x + 0.0014 (R2=0.9852), and the 
second-order polynomial y = -1.9575x2 + 1.7259x – 0.00008 (R² = 0.9985) describes the curve for 
Figure 2.5.   Calibration curves for water and carbon dioxide used in the quantification of gases released from 
meteorites (Chapter 4).  New calibration curves must be generated if there is significant time delay between 
acquiring sets of data, since the instrument may drift.  
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carbon dioxide (Figure 2.5). All calibration standards and samples were run with 64 background 
scans and 64 sample scans at a resolution of 4 cm-1.  
An estimate of the errors inherent in py-FT-IR was made by Sephton and Court (2009a, 2009b), and 
result mainly from weighing very small amounts of sample and sodium hydrogen carbonate 
standard. Given the precision of the balance used, errors of > ±20% are to be expected for the lower 
end of the water calibration curve, but this improves towards the higher mass end of the curve. 
Despite these errors, the calibration points plot closely with a high R2 value. The volumes for the 
carbon dioxide calibration injections could be determined precisely with the graduated syringe, 
producing a well-fitting curve. For the samples, weighing errors of around 2% would be expected.  
 
 
4. Summary 
The operating principles and method designs have been discussed for gas chromatography-mass 
spectrometry and Fourier transform infrared spectroscopy. The method parameters for scanning 
electron microscopy, X-ray diffraction, and RockEval are described in the relevant experiment 
sections of individual Chapters. 
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Chapter 3 - Investigation of the Macromolecular Organic Fraction of 
Carbonaceous and Ordinary Chondrites by Pyrolysis-Gas Chromatography-
Mass Spectrometry. 
 
1. Abstract 
Pyrolysis-gas chromatography-mass spectrometry (py-GC-MS) has been used extensively in previous 
research to characterise the structure of the macromolecular organic fraction of carbonaceous and 
ordinary chondrites. As is now well established, aqueously altered low-petrographic type 
carbonaceous chondrites release a diverse range of compounds on pyrolysis, with thermally altered 
carbonaceous and ordinary chondrites producing lower abundances of compounds and limited 
species diversity compared with their hydrously altered counterparts. In this study, systematic 
stepped flash py-GC-MS provides new information on the pyrolysis behaviour and structure of the 
macromolecular organic material in a range of carbonaceous and ordinary chondrites. At the lowest 
pyrolysis temperature (350 °C), thermal desorption releases indigenous adsorbed hydrocarbons and 
terrestrial contaminants. The intermediate 600 °C step breaks the bonds of the macromolecule, 
generating a varied pyrolysate. A further pyrolysis step at 750 °C reveals that the previous step 
almost completely deconstructed the macromolecule to leave only refractory aromatic products, 
principally benzene, naphthalene, and benzonitrile. The abundance of benzonitrile relative to other 
aromatic compounds in both the 600 °C and 750 °C steps is shown to increase with increasing 
degree of aqueous alteration of the chondrite. Benzonitrile release is most notably observed during 
the 750 °C step.  
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2. Introduction 
Insoluble macromolecular organic material makes up the bulk of organic matter in carbonaceous 
chondrites, at around 70% of the total, although this can be as high as 99% as in the case of Tagish 
Lake (Brown et al. 2000). Although difficult to analyse in comparison to the solvent-soluble free 
fraction, the macromolecular material contains valuable information on nebula processes, and 
parent body aqueous and thermal alteration events. In addition, the large proportion of 
macromolecular material in meteorites, along with its robust structure, make it likely that significant 
quantities were delivered intact to the surface of the early Earth, with implications for the organic 
raw materials available for emerging life systems (Sephton and Gilmour 2000; Yabuta 2007a).  
Various workers have applied a wide range of analytical techniques to the study of the 
macromolecular material. Hayatsu et al. (1977, 1980), Remusat et al. (2005a) and Huang et al. (2007) 
performed oxidative degradation techniques which selectively remove certain components in the 
structure. In addition to conventional pyrolysis, hydrous pyrolysis (pyrolysis in the presence of liquid 
water) has been performed by Sephton et al. (1998, 2000) and more recently by Oba & Naraoka 
(2009). Hydropyrolysis (pyrolysis in an atmosphere of hydrogen) has also been performed on 
macromolecular material (Sephton et al. 2004a, 2005). Passive investigative techniques include high 
resolution transmission electron microscopy (HRTEM) (e.g. Harris et al. 2000; Derenne et al. 2002, 
2003; Garvie & Buseck 2004; Remusat et al. 2008) and X-ray adsorption near-edge spectroscopy 
(XANES) (e.g. Cody et al. 2008; Orthous-Daunay et al. 2010; Yabuta et al. 2010) , nuclear magnetic 
resonance spectroscopy (NMR), (e.g. Cronin et al. 1987; Gardinier et al. 2000; Cody et al. 2002; Cody 
& Alexander 2005; Yabuta et al. 2005, 2010)  and Raman spectroscopy (e.g. Quirico et al. 2003, 2009; 
Bonal et al. 2007; Busemann et al. 2007). From these investigations, the overall structure of the 
macromolecular material is believed to be small aromatic rings cross-linked by short aliphatic and 
ether bridges, with various functional groups attached (Sephton 2002; Pizzarello et al. 2006; 
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Derenne & Robert 2010) although the precise structure will vary between chondrites of different 
petrographic classes. 
Pyrolysis-gas chromatography-mass-spectrometry (py-GC-MS) is a routine type of analysis for 
organic polymers including biopolymers (e.g. lignin), geopolymers (e.g. kerogen; Larter & Douglas 
1982) and synthetic polymers. The large polymers, which are otherwise difficult to characterise, are 
heated rapidly and broken up into fragments which can be readily separated by gas chromatography 
and then identified by mass-spectrometry. Interpretation of the fragmentary products allows an 
effective reconstruction of the parent material. Although the free-radical interactions involved in the 
generation of pyrolysates are complex, the technique allows for high levels of reproducibility. 
Various workers have utilized py-GC-MS to investigate the structure of the macromolecular solvent-
insoluble component of meteorites, employing a variety of heating rates, and analysing whole rock, 
solvent-extracted whole rock, or residues produced by HF/HCl demineralisation. (Simmonds et al. 
1969; Studier et al. 1972; Levy et al. 1973; Bandurski & Nagy 1976; Komiya et al. 1993; Kitajima et al. 
2002; Sephton et al. 2004b; Remusat et al. 2005b; Wang et al. 2005; Pearson et al. 2006; Yabuta et 
al. 2010).  
Stepped pyrolysis has been used before in the study of meteoritic macromolecular material (Levy et 
al. 1973; Bandurski & Nagy 1976; Murae 1995; Kitajima et al. 2002), and Horsfield (1989) presented 
two-step py-GC-MS as a method for categorizing terrestrial kerogens. The extra pyrolysis steps 
provide additional structural information (Leventhal 1976). However, the multistep technique may 
cause progressive alteration of the organic material as cautioned by Murae (1995), and catalytic 
activity of minerals, particularly clays, may generate non-representative products.  
Here, short duration pyrolysis with rapid heating rates at a number of different temperature steps 
was used to characterise the macromolecular material in CI1, CM2, CO3, CV3, and CK4 carbonaceous 
chondrites, and LL and H/L ordinary chondrites. Investigation of catalytic effects during this process 
is also considered. 
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3. Samples and Methods 
3.1. Samples 
 
 
Meteorite 
Name 
Classification /  
Petrographic 
Type 
Fall or Find Date of fall 
Orgueil CI1 Fall 1864 
Murchison CM2 Fall 1969 
Murray CM2 Fall 1950 
Mighei CM2 Fall 1889 
Cold Bokkeveld CM2 Fall 1838 
Allende CV>3.6 oxc Fall 1969 
Mokoia CV3.6 oxc Fall 1908 
Leoville CV3.1-3.4 redc Find - 
Kainsaz CO3.1d Fall 1937 
Warrenton CO3.6d Fall 1877 
Colony CO3.0d Find - 
Ornans CO3.3d Fall 1868 
Chainpur LL3.4b Fall 1907 
Bishunpur LL3.15a Fall 1895 
Tieschitz H/L3.6b Fall 1878 
Karoonda CK4 Fall 1930 
 
The carbonaceous chondrites analyzed were: Orgueil (CI1), Murchison (CM2), Murray (CM2), Mighei 
(CM2), Cold Bokkeveld (CM2), Mokoia (CV3.6 ox), Allende (CV>3.6 ox), Leoville (CV3.1-4 red), 
Warrenton (CO3.6), Kainsaz (CO3.1), Ornans (CO3.3), Colony (CO3.0) and Karoonda (CK4). The 
analyzed unequilibrated ordinary chondrites (UOC) comprise: Tieschitz (H/L3.6), Bishunpur, (LL3.15), 
Chainpur (LL3.4) (Table 3.1.). It should be noted that for the type 3s in particularly, there are often 
discrepancies between classification schemes proposed by different authors. Grossman & Brearley 
(2005) note the conflict of schemes for the CV3s between Bonal et al. (2006) and the original 
proposed scheme of Guimon et al. (1995). The scheme of Bonal et al. (2006) is preferred here since 
it is based on organic parameters. 
 
Table 3.1.   The meteorites analyzed in this study, along with their petrographic type, fall/find details and the 
year in which the rock fell. ox= oxidized; red = reduced. Petrographic typing references: 
a 
Grossman & Brearley 
(2005); b Sears et al. (1980); c Bonal et al. (2006), d Scott and Jones (1990). 
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3.2. Sample preparation  
Glassware and quartz pyrolysis tubes were fired in air at 500 °C for a minimum of 3 hours to remove 
organic contaminants. Aliquots of whole-rock meteorite samples of between 10 and 100 mg were 
crushed to a fine powder in an agate mortar and pestle that had been pre-cleaned with 69 % nitric 
acid and rinsed with 18 MΩ.cm water before drying. The powders were then extracted by sonication 
for 5 minutes in 1 ml dichloromethane/methanol 93:7 by volume, followed by centrifugation at 2500 
rpm for 15 minutes. The procedure was performed a total of three times. Sonication times were 
kept relatively short in order to prevent fragmentation of the clay minerals known to exist in 
meteorites, which can become impossible to separate by centrifugation in dichloromethane. 
Prolonged sonication also results in heating and rapid evaporation of low-boiling point solvents. 
After drying, samples were transferred to small glass vials capped with fired aluminium. 
Approximately 1.5-2.5 mg of each meteorite was loaded into a pre-cleaned quartz pyrolysis tube, 
containing a quartz positioning rod with a small quantity of quartz wool to prevent sample 
movement. After loading with sample, the tube was plugged with clean quartz wool using fine 
forceps rinsed with dichloromethane.  
 
3.3. Methods 
Analysis was performed using a Chemical Data Systems AS 2500 autosampler pyrolysis unit, 
interfaced with an Agilent 6890N GC and Agilent 5973 inert MSD. Pyrolysis was performed for 15 
seconds in each case at 600 °C for single step pyrolysis, and sequentially at 350 °C, 600 °C and 750 °C 
for multistep analyses. Pyrolysis temperatures were chosen based on the behaviour of Murchison at 
350 °C, 450 °C 600 °C and 750 °C, during sequential pyrolysis steps (see Chapter 5). The pyrolysis 
interface was maintained at 290-300 °C. Consideration of helium carrier gas flow rates and 
calculated dead volumes for the pyrolysis system ensured that helium completely swept the 
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pyrolysis chamber before the chamber was taken off-line. Chromatographic separation was 
performed on a 30 m J&W Scientific DB-5MS Ultra Inert column (0.25 mm i.d., 0.25 µm film 
thickness), with 1.1 mlmin-1 flow rate. The gas chromatograph oven was programmed from 35 °C, 
where it was held for 2 minutes, then ramped at a rate of 4 °C per minute to 310 °C where it was 
held for 10 minutes. The inlet temperature was 280 °C, and was operated in splitless mode to 
achieve maximum sensitivity. The MSD scan range was m/z 50-550.  Clean pyrolysis tubes containing 
no sample were run between each sample to check for cross-over contamination in the pyrolysis 
unit. 
 
3.4. Choosing pyrolysis temperatures 
For single-step runs, samples were pyrolyzed for 15 seconds at 600 °C. 600 °C is the temperature 
typically chosen for pyrolysis because it is above that which breaks both carbon-carbon bonds and 
less stable carbon-heteroatom bonds. Pyrolyzing at a similar temperature to those commonly 
reported in the literature allows for comparisons to be made with previous studies. For the 
sequential multistep runs, pyrolysis temperatures must be chosen that provide maximum disparity 
between high and low temperature step pyrolysates, in order to obtain the highest quality 
information from the meteorites. Temperatures that are too close will produce similar pyrograms, 
yielding little additional useful information. Too many steps in the sequence will result in 
progressively lower yields for each additional step making detection difficult. A trial sequence using 
Murchison, which is already well characterised, was carried out at 350 °C, 450 °C, 600 °C and 750 °C. 
(Note that the pyrolysis unit interface is held close to 300 °C). At 350 °C, small amounts of 
hydrocarbons were released. The pyrogram of the 450 °C step closely resembled that at 600 °C. 750 
°C results showed that the 600 °C step had effectively removed all the readily cleavable material, 
releasing only simple products from a resistant material. As such, 350 °C, 600 °C and 750 °C were 
chosen as the three multistep temperatures.  
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3.5. Reproducibility 
Dual runs of Murray (CM2) were performed to test for reproducibility of the py-GC-MS system. One 
main issue is the constancy of heating between samples; to overcome this, samples were positioned 
in the pyrolysis tubes using quartz rods, and plugged at each end with a small quantity of pre-
furnaced quartz wool, to ensure that the sample grains were at exactly the same height in the 
analyzer chamber for each analysis, and hence heated by the same part and to the same degree by 
the analyzer filament coil. The coil itself is wrapped around the outside of the quartz pyrolysis 
chamber, which contains the sample pyrolysis tube. There will therefore be a certain level of 
insulation provided by the quartz glass, meaning that the temperature reported by the filament 
probe may not be the same that the sample experiences. The heating rate will also be lower. Small 
sample sizes of around 2 mg allow for rapid heating and also help to reduce secondary reactions of 
the pyrolysates with the mineral matrix.  
 
3.6. Use of procedural blanks 
Montmorillonite clay, fired at 500 °C for at least 3 hours acted as a witness material for detecting 
contamination that may have occurred during extraction procedures prior to pyrolysis. However, it is 
not representative of all meteorites here investigated. Different minerals will adsorb or retain 
different organic compounds to different degrees, thus resulting in a procedural blank signal that is 
either exaggerated or muted compared to the amount of contamination that may have actually 
been picked up by the meteorite samples. Since pyrolysis is non- or semi-quantitative, and coupled 
with the errors inherent in weighing milligram amounts, chromatograms cannot be corrected on a 
compound-by-compound basis. However, the blank gives information on any compounds occurring 
in low levels that should be treated with caution. 
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3.7. Matrix Effects 
Clays in the mineral matrix can alter the nature of the hydrocarbons produced during pyrolysis. Davis 
and Stanley (1982) investigated the effect of smectites on the pyrolysis products of kerogens and 
found that higher molecular weight hydrocarbons are cracked to lower molecular weights in the 
presence of these clays, compared with the pyrolysates of isolated kerogen extracts. However, these 
effects are only significant over extended heating times. The rapid heating rates and short pyrolysis 
time (15 seconds) of samples described here should mean that matrix effects have little influence on 
the organic products released (e.g. Ishiwatari et al. 1993). However, recent work has shown the 
effect of different clay matrix minerals on the flash pyrolysis products of humic acid (Faure et al. 
2006). Whereas talc had little effect, Na-smectite completely aromatized the humic acid. It is thus 
essential to understand the mineral nature of the sample when interpreting results. In particular, 
differences between meteorites with a large percentage of clay minerals and those that are 
relatively unaltered, such as the type 3s, must be examined carefully. Despite this, it would be 
expected that simple aromatic compounds that are generated from meteorites would not undergo 
significant interactions, as might be expected for higher molecular weight functional and 
unsaturated compounds. 
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4. Results 
Examination of the procedural blanks reveals that only low molecular weight compounds such as 
benzene or toluene are likely to be an issue since these give very small responses; however there are 
some meteorites with poor organic recovery, so care must be taken when interpreting these. In 
general, when quantifying peak areas, each chromatogram was compared with the blank, and only 
those responses significantly above the level of those in the blank were used.  Low levels of residual 
compounds were identified in intermediate blank runs, along with low levels of methylester benzoic 
acid and plasticisers, and stationary phase artefacts. Given the ~45 cm of tubing in the pyrolysis unit 
and the high sensitivities employed, these low levels are not unexpected and are acceptably below 
the response for most samples. Reproducibility between dual runs of Murray, assessed by visual 
comparison of total ion current (TIC) chromatograms, was excellent. 
The features of individual meteorites are reported in the following section. Some features are 
common to many meteorites, and their broad significance is considered in the discussion.  The types 
and distributions of compounds are comparable to those from previous investigations, e.g. Studier 
et al. (1972); Bandurski & Nagy (1976); Murae et al.  (1991); Murae (1995); Sephton (1997); Kitajima 
et al. (2002); Remusat et al. (2005b); Wang et al. (2005); Pearson et al. (2006); Yabuta et al. (2007b, 
2010) demonstrating the reproducibility of the technique. 
 
4.1. Carbonaceous Chondrites 
Single-step pyrograms, and the stepped py-GC-MS responses of all the meteorites which show 
appreciable responses at each step are shown in Figures 3.1 to 3.10, with key compounds labelled. It 
can be seen at a glance for the stepped pyrolysis results that each step has produced a distinct suite 
of compound distributions. Generally, the type 1 and 2s gave the largest responses at the 350 °C and 
750 °C steps. At 600 °C, the CM2s Murchison, Mighei and Murray gave a slightly broader range of 
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pyrolysate components than Orgueil or Cold Bokkeveld (Table 3.2.) However, in general, they are 
similar to each other, with some differences in relative responses of particular compounds. The 
pyrograms are dominated by 1- and 2-ring aromatic compounds, with benzene, naphthalene, and 
alkylated derivatives forming the core responses. The abundance of 3- and 4-ring polycyclic aromatic 
hydrocarbons is much less, confirming the well-established dominance of one and two-ring aromatic 
cores in the macromolecule (e.g. Studier et al. 1972; Levy et al. 1973; Hayatsu et al. 1977; Gardinier 
et al. 2000). Benzaldehyde, acetophenone, phenols, thiophenes and benzonitrile form part of the 
range of heteroatomic compounds. Common to most pyrolysis chromatograms is the presence of a 
volatile and gas peak which appears at the beginning of each trace. At 350 °C, which may be viewed 
as a sub-pyrolysis or thermal desorption step, response is poor.  These species are likely to be weakly 
adsorbed to the clay matrix or to the macromolecular framework itself. The type 3 carbonaceous 
chondrites show a range of different responses. A number gave almost no detectable products, 
whereas others appeared to have a significant labile macromolecular fraction which could be broken 
apart and analyzed. None of the type 3s showed significant pyrolysates at 750 °C during stepped 
pyrolysis. A limited number did show some desorbed compounds at 350 °C; however, on the whole 
these were desorbed contaminants. Identification of some individual compounds is complicated by 
co-elution. Despite a slow GC oven heating rate, some compounds within an isomerically-diverse 
mixture will inevitably have close retention times. Comparison of retention times and characteristic 
ions were used to overcome this, although there remain a number of minor co-eluting peaks that 
cannot be resolved completely. 
CI  
Orgueil Orgueil fell in France in 1864, and represents the only type 1 carbonaceous chondrite 
analysed here (Figure 3.1). The dominant response is for p-cymene, a recognized contaminant, 
which is discussed further below. The pyrogram also displays an unusual array of nitrogen-bearing 
moieties, with methyl-benzonitrile, dimethybenzonitrile and naphthalene carbonitrile. 
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 The presence of methoxybenzene is likely due to input from lignin, a higher plant biopolymer. Along 
with benzene, the usual range of C1-C4 and also C5 alkylbenzenes are present, along with biphenyl, 
naphthalene, and C1-C2 alkylnaphthalenes. C3 alkylnaphthalenes are only very tentatively 
identifiable. The maximum number of aromatic rings in a compound is three, with phenanthrene, 
but no anthracene. There is a tentative trace response for ortho-terphenyl, but the signal-to-noise is 
poor. Thiophene and C1-C3 alkylthiophenes are present, along with benzothiophene, C1-C2 
alkylbenzothiophene, and C0-C1 thienothiophenes. Phenol, benzofuran, dibenzofuran, benzaldehyde, 
Figure 3.1.   CM2 and CI1 chondrites. 600 °C single step pyrolysis chromatograms. Cold Bokkeveld and Orgueil 
are shown together since they bear many similarities. The largest peak response in Orgueil is p-cymene, 
highlighting the problems associated with analyzing historical samples. Aside from this, the two meteorites 
show a comparable range and distribution of pyrolysis products. B = benzene; T = toluene; C2B = C2 
alkylbenzenes; BN = benzonitrile; pC = p-cymene; MBN = methylbenzonitrile; N = naphthalene; BT = 
benzothiophene; MN = methylnaphthalenes; BP = biphenyl. 
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and methylbenzofuran make up the oxygen containing compounds. At the 350 °C step, (Figure 3.2) 
much of the contaminant p-cymene appears to be removed. Toluene is a key response, along with C2 
alkylbenzenes. Naphthalene forms only a minor component. The 750 °C step again shows a relatively 
small response for naphthalene, with benzonitrile forming the largest peak on the chromatogram.  
Figure 3.2.   Multistep pyrolysis TIC chromatograms for Cold Bokkeveld (CM2) and Orgueil (CI1), with 
temperatures indicated. The first step is efficient at desorbing contaminants. The very strong responses for 
benzonitrile demonstrate the importance of nitrogen-containing compounds in aqueously altered chondrites. 
B = benzene; Th = thiophene; T = toluene; C2B = C2 alkylbenzenes; BN = benzonitrile; pC = p-cymene; N= 
naphthalene. 
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CM 
Murchison Murchison fell in Australia in 1969. Due to its rapid collection and the preparedness of 
laboratories for the return of lunar samples, Murchison has been extensively analysed as a relatively 
pristine example of a CM2, and is frequently used as a reference material in comparison with other 
Figure 3.3.   CM2 chondrites. 600 °C single step pyrograms for Murchison, Murray and Mighei. A cursory 
examination shows that the overall ‘fingerprints’ of the samples are similar. Naphthalene forms the largest 
individual compound response. B = benzene; T = toluene; C2B = C2 alkylbenzenes; C3B = C3 alkylbenzenes; St = 
styrene; BA = benzaldehyde; AP = acetophenone; nTh# = n-alkylthiophenes, where # is chain length; N = 
naphthalene; BT = benzothiophene; MN = methylnaphthalenes; BP = biphenyl; C2N = C2 alkylnaphthalenes; 
Cad = cadalene; P = phenanthrene. 
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meteorites. In Figure 3.3, C1-C4 alkylbenzenes are positively identifiable, but there are also weaker 
responses in the extracted ion chromatogram for m/z 148 which reveals small amounts of C5 
alkylbenzenes. The alkylnaphthalenes range from C1-C3, with weaker responses for C4 isomers. The 
highest molecular weight compound is terphenyl (m/z 230), identified as the ortho- isomer based on 
the presence of a secondary ion fragment at m/z 215. Also present are fluorene, acenaphthylene (or 
biphenylene) (m/z 152) and acenaphthene (m/z 154, 153). Pearson et al. (2006) identified the m/z 
152 PAH as biphenylene, as opposed to Remusat et al. (2005b) who identified acenaphthylene. Here 
acenaphthylene is preferred since is bears stronger structural resemblance to acenaphthene, which 
Figure 3.4.   Multistep pyrolysis TIC chromatograms for Murchison and Mighei (CM2). A richer variety of 
compounds are desorbed at 350 °C compared with Cold Bokkeveld and Orgueil . The highest temperature step 
shows that significant pyrolyzable material remains, with the thermally-stable benzonitrile again a significant 
component. Elemental sulphur is also liberated at this step in appreciable quantities. B = benzene; T = toluene; 
St = styrene; BN = benzonitrile; BA = benzaldehyde; C2B = C2 alkylbenzenes; pC = p-cymene; N = naphthalene; 
MN = methylnaphthalenes; BT = benzothiophene; BP = biphenyl; S = sulphur; * = siloxane. 
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also occurs in the meteorites (Figure 3.5).  
 
Terphenyl bears structural similarities to biphenyl and may be a precursor unit for this and the C1 
alkylated biphenyls. Also present in significant quantities are the alkenyl-benzenes, which have a 
double bond in the attached groups. Amongst the sulphur-bearing compounds, the thiophenes 
extend from C0-C4, along with benzothiophene, C1 and C2 methylbenzothiophenes, C0-C1 
thienothiophenes and dibenzothiophene. Oxygenated pyrolysates include phenols, benzaldehyde, 
C0-C2 benzofurans, and dibenzofuran. Nitrogen compounds are represented by pyridine, 
methylpyridine and benzonitrile. 
 A pair of peaks with similar mass spectra were identified as 2- and 3-phenyl-thiophene. These were 
also identified by Pearson et al. (2006) in pyrolysates of this meteorite. In common with Pearson et 
al. 2006, farnesane was also detected, co-eluting with biphenyl.  
Figure 3.5.   Mass spectra for the aromatic compound with characteristic ion m/z 152. At top left is the 
spectrum as it appears in the sample chromatogram; in this case from Murchison. At bottom are the two 
candidate library spectra (NIST08). They are both very similar, and it would require analysis with authentic 
standards to determine its identity. a = biphenylene; b  = acenaphthene; c  = acenaphthylene. 
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Murchison produced low levels of hydrocarbons when subjected to the 350 °C desorption step 
(Figure 3.4). Naphthalene, C0-C1 benzothiophenes, styrene, some alkylbenzenes, benzaldehyde and 
C1-C2 methylnaphthalenes were detected. Benzene and toluene form only low level responses, no 
higher than blank runs. At 750 °C, there are only a small number of peaks, with amplitudes much less 
than the previous 600 °C step. The main organic compounds detected were benzene, naphthalene, 
toluene, benzonitrile, biphenyl and smaller responses for alkylated species. The higher temperature 
has also affected the mineralogy, with sulphur forming a distinct peak.  
Figure 3.6.   Stepped pyrolysis TICs for Murray (CM2) show similar features to Murchison and Mighei. 
Naphthalene is the dominant response at 350 °C, and as with the other CM2 examples, benzonitrile is a 
significant contributor to the total pyrolysates at 750 °C. Di-epi-α-cedrene is tentatively identifiable in the 350 
°C pyrogram; this is a terpene found in wood oils. B = benzene; T = toluene; St = styrene; C2B = C2 
alkylbenzenes; BA = benzaldehyde; pC = p-cymene; BN = benzonitrile; N = naphthalene; MN = 
methylnaphthalenes; BP = biphenyl; S = sulphur. 
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Murray Fell in 1950, Kentucky, USA. Murray bears many resemblances to Murchison (Figure 3.3); 
however, the large peak height of naphthalene is particularly noticable. Benzenes range across C0-C5, 
and naphthalenes range from C0 to C3. C4 methylnaphthalenes are not readily identifiable. Murray 
has a similar range of heteroatomic products to Murchison. Thiophene and C1-C4 alkylthiophenes are 
present, along with C0-C2 benzothiophenes, C0-C1 thienothiophenes, and phenyl-thiophenes. 
Pyridine, methylpyridine and benzonitrile again constitute the nitrogen-bearing compounds. The 
chromatograms of the three temperature steps for Murray are shown in Figure 3.6. At 350 °C, 
naphthalene is the dominant peak, and 1-ring aromatics show smaller responses. p-Cymene is a 
notable contaminant peak, along with some n-alkanes. Other minor responses include 
dimethylnaphthalenes and biphenyl. As for the other CM2s, naphthalene, benzene and benzonitrile 
are the main products at 750 °C.  
Mighei Fell in Nikolayev, Ukraine 1889. Of the CM2s, Mighei seems to be the most adversely 
affected by contamination, with some of the main responses in TIC identifiable as contaminant 
products (Figure 3.3). p-Cymene and n-alkylbenzenes generate responses comparable with 
indigenous pyrolysates. As for Murchison and Murray, naphthalene, toluene and benzene are key 
responses. Alkylbenzenes range from C1-C5, whilst the alkylnaphthalenes range from C1-C4. The 
diversity of heteroatomic species is as typical for CM2s, with thiophenes from C0-C3, and C4 being 
tentatively identifiable.  
Thermal desorption at 350 °C released naphthalene and p-cymene with approximately equal 
responses. The other two peaks apparent in Figure 3.4 are siloxanes from the stationary phase of the 
GC capillary column. As for the other CM2s, there is limited response from benzene or toluene. 
Benzaldheyde and styrene are also detectable in small amounts. At 750 °C the usual naphthalene, 
benzene and toluene are broken from the macromolecule residue with benzothiophene and 
benzonitrile making up the main heteoratomic compound responses.     
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Cold Bokkeveld Fell in South Africa 1838. The diversity or response of products in this meteorite 
appears lower compared to those of the other CM2s (Figure 3.1). Benzene with thiophene and 
toluene dominate the TIC of Cold Bokkeveld, with smaller amounts of naphthalene. The ring size of 
PAHs extends only to 3 rings; pyrene or fluroanthene were not detected at levels above the 
sensitivity threshold. Thiophenes have a more limited range from C0-C2. Alkylbenzenes range from 
C1-C4 , with C5 being tentatively identifiable. The naphthalenes are also limited, extending to a 
maximum of C2. At 350 °C (Figure 3.2), the main response is for p-cymene, demonstrating the 
pervasiveness of this contaminant (see Discussion). There are smaller responses for toluene, 
naphthalene and C2 alkylbenzenes. Small responses for n-alkanes show that solvent extraction was 
not completely efficient, leaving some free aliphatics behind to be desorbed. As for the other CM2s, 
the main compounds in the 750 °C TIC are naphthalene, benzene, benzonitrile and toluene (Figure 
3.2). However, compared with the other CM2s, the response for naphthalene relative to benzene is 
much lower, and is more similar to the TIC of Orgueil at the same temperature step.    
 
 
 
 
 
 
 
 
 
 
 91 
 
Chapter 3 Py-GC-MS of meteorites 
CO3      
Warrenton Fell in 1877 Missouri, USA. This sample unfortunately appears to have been 
contaminated by synthetic polymers, which can be identified as polystyrene and epoxy resin or 
Figure 3.7.   CO3 chondrites. 600 °C single step pyrograms for Ornans, Colony and Kainsaz. The responses from 
the first two samples are poor. Kainsaz produces strong responses for benzene and naphthalene; the latter 
compound was also the strongest response from previous studies (Remusat et al. 2008), showing that it is 
most likely indigenous. The series of n-alkanes, along with pristane and phytane, are however, not. B = 
benzene; T = toluene; St = styrene; Ph = phenol; BN = benzonitrile; BF = benzofuran; AP = acetophenone; Cn = 
n-alkane where n is carbon number; nB# = n-alkylbenzene where # is chain length; N = naphthalene; MN = 
methylnaphthalenes; BP = biphenyl; Pr = pristane; Phy = phytane. 
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polycarbonate. These polymers would appear to be only partially soluble or completely insoluble in 
the DCM/MeOH extraction solvent and hence cannot be removed. An extracted separate small 
fragment was also contaminated, showing that contamination is pervasive. Hence, the data from 
Warrenton was not included in any further analysis. The polymer thermally decomposes to phenol 
and related compounds, rendering the lower molecular weight portion of the chromatogram 
difficult to interpret. 
Kainsaz Fell in Russia 1937. Single step pyrolysis revealed the presence of a series of n-alkanes, along 
with pristane and phytane (Figure 3.7). Despite solvent extraction, these appear to have remained 
associated with the mineral matrix. However, thermal desorption at 350 °C appears to be more 
effective at removing these components, and the response for these alkanes in the subsequent 600 
°C  pyrogram is significantly lower. Pearson et al. (2007) reported an absence of aliphatic species 
from pyrolysis of Kainsaz, however, their analytical procedure included a 300 °C desorption step 
which likely helped to remove any small amounts of aliphatic contaminants. The principal responses 
for Kainsaz are benzene, naphthalene, toluene, styrene, benzonitrile and biphenyl. There are smaller 
responses for the C2 and C3-alkylbenzenes, C1- and C2-alkylnaphthalenes, benzofuran, dibenzofuran 
and benzothiophene. These results represent an improvement in resolution upon those of Remusat 
et al. (2008). Additionally, these authors found significant contributions from fatty acids in their 
demineralised organic sample, which manifest as long-chained alkylbenzenes in the results 
presented here. 
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 Compound Characteristic ions 
m/z 
Orgueil Cold 
Bokkeveld 
Mighei Murray Murchison 
1 Benzene 78 • • • • • 
2 Thiophene 84, 58 • • • • • 
3 Dimethyldisulphide 94, 79 • • • • • 
4 Pyridine 79, 52 • ~ • • • 
5 Toluene 91, 92 • • • • • 
6 Methylthiophenes 97 • • • • • 
7 Methylpyridine 93 • - • • • 
8 C2-alkylbenzenes 106, 91 • • • • • 
9 Dimethylthiophenes 112, 111, 97 • • • • • 
10 Styrene 104 • • • • • 
11 C3-alkylthiophenes 126, 111, 97 • - • • • 
12 C3-alkylbenzenes 120, 105, 91 • • • • • 
13 Benzaldehyde 106, 105, 77 • • • • • 
14 Phenol 94 • • • • • 
15 Benzonitrile 103, 76 • • • • • 
16 Benzofuran 118, 90, 89 • • • • • 
17 C9H10 alkenylbenzenes 118, 117 • • • • • 
18 Indene 116, 115 • • • • • 
19 C4-alkylthiophenes 140, 125 ~ - ~ • • 
20 C4-alkylbenzenes 134, 119, 105, 91 • • • • • 
21 Methylbenzonitrile 117, 116, 90 • • ~ • ~ 
22 Acetophenone 120, 105, 77 • • • • • 
23 C5-alkylbenzenes 148, 133 • ~ • • • 
24 Methylbenzaldehyde 120, 119, 91 • • • • • 
25 Methylphenols 108, 107 • • • • • 
26 Methylbenzofuran 132, 131 • ~ • • • 
27 Naphthalene 128 • • • • • 
28 Benzothiophenes 134 • • • • • 
29 Thienothiophenes 140, 96 • • • • • 
30 Dimethylbenzofurans 146, 145 ~ - • • • 
31 Methylthienothiophenes 154, 153 • ~ • • • 
32 Methylnaphthalene 142, 141 • • • • • 
33 Methylbenzothiophene 148, 147 • • • • • 
34 ?Hydronaphthalenes 160, 145 - - - - ~ 
35 Biphenyl 154 • • • • • 
36 Dimethylnaphthalenes 156, 141 • • • • • 
37 Phenyl-thiophenes 160, 115 • ~ • • • 
38 Methyl-biphenyls 168, 167 • • • • • 
39 Dimethylbenzothiophene 162, 161 • ~ • • • 
40 Acenaphthylene 152 ~ ~ • • • 
41 Acenaphthene 154, 153 - - • • • 
42 C3-alkylnaphthalenes 170, 155 ~ - • • • 
43 Dibenzofuran 168, 139 • • • • • 
44 C4-alkylnaphthalenes 184, 169 - - • ~ • 
45 Fluorene 166, 165 - - • • • 
46 Dibenzothiophene 184 ~ - • • • 
47 Phenanthrene 178 • ~ • • • 
48 Anthracene 178 - - • • • 
49 o-Terphenyl 230, 215 - - ~ • • 
50 Methylphenanthrene 192 - - ~ - ~ 
51 Fluoranthene 202 - - • • • 
52 Pyrene 202 - - • • • 
Table 3.2.   List of the common pyrolysates from the CM1 and CM2 meteorites at 600 °C (single step). A filled 
circle indicates presence of the compound, a dash indicates that it was not detected above the sensitivity of 
the method, a curved dash indicates tentative identification. The CM2s Murray, Murchison, and Mighei show 
a wider range of molecular weights than Orgueil and Cold Bokkeveld. 
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Colony This type 3 was found in 1975 in Oklahoma, USA. As such, it has suffered considerable 
weathering (Rubin et al. 1985). The pyrolysis gas chromatogram shows a large response for phenol 
and toluene relative to benzene and naphthalene (Figure 3.7). 350 °C desorption shows a main 
response of toluene.  
Ornans Fell in France 1868. Tenuous responses for benzene and naphthalene were detected (Figure 
3.7).  
 
CV3 
Allende Fell in Mexico 1969. From the 3.6 petrographic typing of Allende (Bonal et al. 2006), this 
meteorite has experienced relatively advanced levels of heating. Despite this, there are still 
detectable levels of organic compounds released by pyrolysis (Figure 3.8). Benzene and naphthalene 
dominate the TIC, with the alkylbenzenes extending from C1 to weak responses for C4 (m/z 134).  
Mokoia Fell in New Zealand 1908. Benzene, naphthalene, toluene and benzonitrile are amongst 
typical products of meteoritic origin detected (Figure 3.8). The largest peak response for Mokoia is 
that of styrene, which is likely a derivative of a contaminant. A large response, interpreted as 1-
methyl-4-(1-methylethenyl) benzene, is the likely precursor for this. There is also elevated response 
for p-cymene, and camphene was also detected. p-Cymene is the main compound desorbed at 350 
°C , along with a response for 1-methyl-4-(1-methylethenyl) benzene, and there are small amounts 
of naphthalene.   
Leoville Found in Kansas, USA in 1961, where it had been ploughed up in a field. Although a find, it is 
considered to have experienced relatively little weathering. Minor amounts of benzene, toluene and 
naphthalene are observed upon pyrolysis (Figure 3.8).  
 
 95 
 
Chapter 3 Py-GC-MS of meteorites 
CK 
Karoonda Fell in South Australia in 1930. No significant products of pyrolysis were detected in 
Karroonda (not shown), reflecting the high degree of parent body thermal alteration. 
Figure 3.8.   CV chondrites. 600 °C single step pyrolysis chromatograms for Mokoia, Allende and Leoville. 
Leoville contains essentially no pyrolyzable material, whilst Mokoia is dominated by contaminant compounds 
from essential plant oils. Allende has strong responses for benzene, naphthalene, and styrene. B = benzene; Py 
= pyrrole; T = toluene; St = styrene; BN = benzonitrile; pC = p-cymene; Cn = n-alkane where n is carbon 
number; mmeB = 1-methyl-4-(1-methylethenyl) benzene; AP = acetophenone; N = naphthalene; MN = 
methylnaphthalene; BP = biphenyl; * = siloxane. 
 96 
 
Chapter 3 Py-GC-MS of meteorites 
4.2. Ordinary Chondrites 
Unusually, the ordinary chondrites show considerable GC-MS responses (Figure 3.9). However, both 
Figure 3.9.   Ordinary chondrites. 600 °C single step chromatograms for the three ordinary chondrites. 
Chainpur shows the ‘cleanest’ profile, with a strong naphthalene signal and a reduced response for benzene. 
The lack of significant contaminants suggests that these compounds are indigenous. Bishunpur is heavily 
affected by n-alkylbenzene contamination. B = benzene; T = toluene; C2B = C2 alkylbenzenes; St = styrene; nB# 
= n-alkylbenzene, where # is chain length; Cn = n-alkane where n is carbon number; AP = acetophenone; K = 
ketone; N = naphthalene; MN = methylnaphthalenes; BP = biphenyl; DBF = dibenzofuran; P = phenanthrene; 
Pth = phthalate. 
 97 
 
Chapter 3 Py-GC-MS of meteorites 
Bishunpur and Tieschitz appear to have been affected by contamination to some extent. The 
macromolecular material from Chainpur seems to have escaped significant terrestrially-sourced 
organic input, and is believed to represent indigenous components. Contrary to the type 3 
carbonaceous chondrites, both Tieschitz and Bishunpur show responses at 750 °C, and weak 
responses at 350 °C during stepped pyrolysis.  
Tieschitz The type H/L 3.6 ordinary chondrite Tieschitz fell in the Czech Republic in 1878. It has an 
unusual texture, with ‘white’ matrix composed of nepheline and albite (Hutchison et al. 1998). 
Together with isotope data (Hutchison et al. 1998; Smoliar et al. 2004), this points towards an 
aqueous alteration event that occurred around 2.0 Ga. Tieschitz shows considerable organic 
diversity. The main GC-MS responses are for benzene, styrene, acetophenone, naphthalene and 
phenanthrene. The large response for acetophenone can be attributed to aromatization of straight-
chained ketones, which were identified in the chromatogram along with smaller responses for a 
range of aromatic ketone isomers. Tieschitz shows considerable response for 3-ring PAHs, with 
methylphenathrene isomers and a relatively large response for phenanthrene. Oxygenated 
compounds include dibenzofuran, fluorenone, and benzofuran. Benzothiophene and the ubiquitous 
n-alkylthiophenes (see Discussion) make up the main responses for sulphur organic compounds. 
Multistep pyrolysis at 350 °C reveals release of naphthalene, methylnaphthalenes and biphenyl  as 
the main products (Figure 3.10). It can be seen from this Figure that the 600 °C step for Tieschitz 
shows a large set of peaks late on the chromatogram, at around RT = 33 minutes. These can be 
identified as compounds derived from plastic. Closer identification of the single step 600 °C 
chromatogram also shows these features. A repeat single step 600 °C analysis with a second chip, 
crushed and extracted as before, showed no plastic-related compounds, suggesting that the 
contaminant was limited to the first chip. A repeat multistep pyrolysis run using material from the 
second chip however, gave very poor response at 600 °C, despite good response from the same 
material during a single step analysis. The most likely explanation of these data is that they reflect 
sample heterogeneity. As such, information from single step pyrolysis was taken from the repeated 
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run, and multistep data was taken from the original run. Comparison between methylnaphthalene 
ratios measured for the 350 °C multistep runs are similar, showing that the responses are consistent 
despite the contamination. However, responses from the 600 °C multistep run are not significantly 
above those of the blank, necessitating the use of the original 600 °C multistep data. All other 
organic information was taken from the repeated single step run, unaffected by plastic-related 
compounds and with strong responses.       
Bishunpur Fell in India, 1895. Bishunpur is heavily affected by n-alkylbenzenes, showing that 
contamination is fairly extensive (Figure 3.9). The overall response of compounds is quite high, 
almost comparable to that of the CM2s and the CI1. The range of products typical of meteoritic 
Figure 3.10.   Stepped pyrolysis TICs for the ordinary chondrites Tieschitz and Bishunpur. Naphthalene and 
benzene are the main responses at 750 °C; unlike the aqueously altered examples, benzonitrile is essentially 
absent. B = benzene; T = toluene; C2B = C2 alkylbenzenes; St = styrene; AP = acetophenone; N = naphthalene; 
nB# = n-alkylbenzene, where # is chain length; MN = methylnaphthalenes; BP = biphenyl; Triangles = plastics. 
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macromolecular materials is present, including benzene, toluene, styrene, naphthalene and 
methylnaphthalenes and biphenyl, suggesting that a portion of the detected compounds are likely to 
be indigenous. There are small responses following pyrolysis at 350 °C and also at 750 °C (Figure 
3.10). 
Chainpur Fell in India 1907. The dominant response at 600 °C is naphthalene, with only a small 
response for biphenyl (Figure 3.9). This general shift towards 2-ring rather that 1-ring aromatic 
systems may reflect a higher degree of condensation and hence higher temperature or duration of 
heating on the parent body. Small amounts of naphthalene are desorbed at 350 °C. 
 
4.3. Overview and comparison with previous studies 
At 600 °C, the typical range of simple aromatic hydrocarbons, thiophenes, furans and phenols are 
released by the type 2 and 1 chondrites, as compared to previous published flash pyrolysis studies 
(e.g. Bandurski & Nagy 1976; Remusat et al. 2005b; Wang et al. 2005), although the current study 
appears to have provided improved resolution in many cases; for example Wang et al. (2005) 
identified a significantly less varied suite of aromatics and heteroatomic species in Murchison and 
Orgueil, and did not detect benzene or thiophene, presumably due to analytical constraints. Here, 
pyrograms at 600 °C for the CM2 and CI1 chondrites are generally quite similar. The 750 °C step 
shows none of the diversity of the preceding step, showing that 600 °C for 15 seconds was sufficient 
to break apart the labile part of the macromolecule almost entirely. Only residual, refractory 
organics remain at this stage, comprising in the case of the CM2s mainly naphthalene, toluene, 
benzene, and benzonitrile units. A refractory portion of macromolecular material that is unaffected 
by hydrous pyrolysis and other extraction techniques has been previously identified and supported 
by stepped combustion isotope data (e.g. Sephton et al. 2003). Flash pyrolysis at 750 °C in this study 
may therefore be accessing an incompletely graphitized component distinct from the labile fraction 
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which is cleaved at 600 °C. The more graphitized the organic framework, the less amenable it is to 
pyrolysis, even at temperatures of 750 °C. Therefore it is likely that the responses detected at this 
temperature only represent part of the total portion of refractory aromatic material.  
As would be expected, Karoonda shows no response following pyrolysis, presumably due to the 
extensive thermal alteration it has suffered. Many of the type 3 chondrites have poor responses and 
limited varieties of pyrolysates due to their more extreme thermal history, however, there are some 
important exceptions. Of the analyzed samples, Tieschitz, Bishunpur, Kainsaz and Mokoia show 
considerable responses. This likely relates to a combination of high metamorphic grade and the 
effects of incipient aqueous alteration. Tieschitz has abundant mineralogical evidence for aqueous 
alteration, with bleached chondrules and ‘white matrix’, which is believed to have formed in a 
hydrous alteration event at around 2 Ga. (Hutchison et al. 1998; Smoliar et al. 2004; Dobrica & 
Breaerly 2011). Bishunpur has some evidence for slight aqueous alteration in the form of smectites 
in chondrule rims and matrix (Alexander et al. 1989a, 1989b). Mokoia has also experienced 
alteration. Saponite, a phyllosilicate, has been found in this meteorite (Tomeoka & Buseck 1990). 
Kainsaz has no phyllosilicates (Keller & Buseck 1990). However it should be remembered that 
chondrites are complex objects, and different components will have been affected to different 
extents by given metamorphic conditions. For example, the CV chondrites have so-called ‘dark 
inclusions’ which can be several centimetres in size. They show a range of characteristics, illustrating 
the complex histories. These observations also have implications for sampling heterogeneities – 
small meteorite chips were used for analysis, and these could very easily comprise entirely dark 
inclusion material or other breccia clasts which are non-representative of the whole meteorite, and 
thus generate spurious data. However, lithium isotope data indicate that the aqueous alteration 
history of the clasts differs little from that of the surrounding matrix in Allende (CV3) (Sephton et al. 
2006a).  Short duration thermal alteration such as induced by impact heating, may be sufficient to 
dramatically alter the composition of organic material, whilst leaving the mineralogy largely 
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unaffected. Such decoupling is noted by Greenwood et al. (2010) in their comparison of CK and CV 
chondrites. 
 
 
5. Discussion 
5.1. Identification of terrestrial contamination 
The indigenous abiotic material in carbonaceous chondrites is typically recognized as displaying a 
complete structural diversity of isomers, due to non-selective synthesis. This is in contrast to living 
systems which often display a dominance of particular compounds in response to synthetic 
processes directed by biological enzymes. Once reduced to their hydrocarbon skeletons, these 
compounds can represent diagnostic biomarkers (e.g. pristane and phytane). 
The addition of terrestrial compounds to meteorites has been recognised in many, if not most, 
samples (Sephton et al. 2001). The discrimination between structurally-diverse indigenous and 
structurally-specific terrestrial contaminants is an important stage in the interpretation of meteorite 
organic extracts and pyrolysates. Contaminants encountered in this study can be sub-classified into 
aliphatic and aromatic compounds. 
 
5.1.1. Aliphatic compounds and related products 
As outlined above, some meteorites, in particular Kainsaz, released n-alkanes during pyrolysis. There 
has been extensive historical debate about the origin of alkanes in meteorites, but the argument has 
since been resolved using compound specific isotope measurements (Sephton et al. 2001), and the 
n-alkanes are undoubtedly terrestrial contaminants. Moreover, pyrolysis of Kainsaz released pristane 
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and phytane, which are common biomarkers, unlikely to have been synthesised in a non-biological 
process and have been observed to occur alongside n-alkanes in meteorites (Nooner & Oró 1967; 
Sephton et al. 2001). The presence of n-alkanes in previously solvent-extracted samples could 
suggest that they occur occluded within the rock matrix or the organic macromolecular material.  
Interestingly, Warrenton and Tieschitz exhibit n-alkene/n-alkane pairs following pyrolysis suggesting 
the presence of an aliphatic biopolymer. This implies the contamination of these meteorites with 
solid particles from the terrestrial environment. 
 
 
 
 
Some of the meteorite pyrolysis gas chromatograms, notably Murchison, Mighei, Kainsaz, Allende, 
Bishunpur and Tieschitz, contain a series of n-alkylbenzenes and n-alkylthiophenes. The systematic 
Figure 3.11.   Extracted ion chromatograms for m/z 91 and m/z 97, which highlight n-alkylbenzenes (black 
trace) and n-alkylthiophenes (red trace), respectively. In Mighei, the thiophenes are dominant over the 
benzenes, whilst the reverse is true for Bishunpur. Also clear is the predominance of odd carbon chain lengths 
over even, which does not produce a smooth distribution of the homologous compounds. T = toluene; MT = 
methylthiophene; eB = ethylbenzene; nB# = n-alkylbenzene, where # is chain length; nTh# = n-alkylthiophene, 
where # is chain length. 
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nature of this series suggests that they are the result of contamination rather than being indigenous 
compounds. Additionally, there is often an odd-over-even predominance (n-alkyl chain length), 
which lends strong weight to a terrestrial biogenic source. Mighei and Bishunpur show particularly 
strong responses for these compounds. Comparison of peak heights between a n-alkylbenzene and 
the corresponding n-alkylthiophene suggests that sulphur content in the meteorite controls the 
extent of incorporation of sulphur into these structurally related compounds. Qualitatively, there is a 
strong octaatomic sulphur response in the pyrograms of Mighei, which are absent for Bishunpur. 
These relationships are best picked out using m/z 91 and 97 (Figure 3.11).  
Saiz-Jimenez (1994) showed that aromatization of unsaturated fatty acids in the presence of 
elemental sulphur during analytical pyrolysis can generate such series of compounds. The fact that 
the meteorite had been thoroughly extracted with solvents beforehand suggests that the source of 
aliphatic compounds in the pyrogram may come from an insoluble biopolymer within the rock 
matrix. Any remaining free lipids were likely to have been volatilized during the purge phase of 
pyrolysis, which occurs at relatively high temperature in the pyrolysis unit. Since the pyrolysis 
chamber is offset from the heated interface, the exact temperature is unknown; however the unit is 
thermally insulated and may be expected to approach the set temperature of 300˚C. In addition, the 
multistep 600 °C pyrogram still has them despite the previous 350 °C desorption step. The initial 
pyrolysis step of 350 °C revealed no lipid-type compounds, however this will be due to the inability 
of the DB-5 column to elute polar compounds such as organic acids, at least in small amounts as is 
the case here. Still, the presence of free lipids that have been incompletely removed by sonication 
cannot be totally ruled out.  
Han et al. (1969) analyzed surface fragments of the recently-fallen Allende meteorite and detected 
fatty acids which were not found in interior fragments. The evidence presented here is supported by 
the work of Remusat et al. 2005b, who detected unsaturated fatty acids by TMAH-thermochemolysis 
of HCl-HF organic residues from Orgueil, Murchison and also Kainsaz (Remusat et al. 2008). It was 
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concluded that these acids are part of the insoluble fraction and likely derive from a bacterial source. 
The acids could not be detected without TMAH derivitization. Yet the analyses described here give 
detectable products, as a result of aromatisation and interaction with phyllosilicates and sulphur 
within the matrix. Long chained alkylbenzenes were also identified by Pearson et al. (2006) in the 
pyrolysis products of extracted whole-rock CR2 chondrites Renazzo, Al Rais, EET 87770, and Y-
790112. Pearson et al. (2006) suggested they were formed as a result of interactions of n-alkanes 
with ring structures in the macromolecule, though it seems that a fatty-acid origin is more likely. 
Renazzo and Al Rais were also found to contain n-alkylthiophenes. It is therefore apparent that 
microbial contamination of meteorites is a significant problem, introducing organic materials that 
are difficult to separate from the indigenous macromolecular component, despite rigorous 
extraction procedures.  
 
5.1.2. Aromatic contaminants 
Orgueil and Mokoia in particular exhibit exaggerated responses for 1-methyl, 4-isopropylbenzene, 
(p-cymene) (Figures 3.1 and 3.8). Importantly, the response for p-cymene in the 600 °C multistep 
pyrogram for Orgueil is comparable to other isomers of C4 alkylbenzenes (Figure 3.2), demonstrating 
that the ‘excess’ was removed completely by the preceding 350 °C  volatilization step. However, this 
is not the case for Mokoia. p-Cymene was previously reported as a contaminant in Orgueil by 
Watson et al. (2003) in a 360 °C thermal desorption step of the meteorite, but interestingly it did not 
occur in solvent or supercritical fluid extraction (SFE) products, indicating that it was formed as a 
direct result of analytical heating. The compound can be positively identified in this study on the 
basis of retention time comparisons of C4 alkylbenzenes between other samples, and from the 
literature (Hartgers et al. 1992, 1994).  Large responses for a C4-alkylbenzene were detected in 
Murchison, Orgueil and Murray by Studier et al. (1968, 1972). This peak was identified as tert-
butylbenzene, with a second response in Orgueil of methyl-isopropylbenzene. From the 
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identifications made here, and those of Watson et al. (2003), it seems likely that tert-butylbenzene 
was misidentified. Possible precursors were suggested by Watson et al. (2003) to be terpinol-type 
compounds or curcumene, which were identified in solvent and SFE extracts of Orgueil. Pyrolysis 
was suggested to result in the aromatisation of the former compound and the cracking of the latter. 
Watson et al. (2003) reported that a 610 °C pyrolysis step for solvent-extracted samples gave no 
terpenoid-type compounds.  Unusual in the sample analyzed here is the apparent failure of the 
solvent extraction to completely remove the precursor of p-cymene. However, cadalene, another 
abundant contaminant in the solvent extracts and 360 °C thermal desorption step of Orgueil 
(Watson et al. 2003) is not present in the 350 °C step here, and is present only in trace amounts in 
the 600 °C single step pyrogram, showing that this compound has been efficiently removed by 
sonication prior to analysis. In this study, the fact that cadalene has been removed and not the p-
cymene precursor suggests that there is either discrimination in the effectiveness of sonication 
between particular compounds, perhaps due to matrix effects, or that p-cymene is bonded to the 
macromolecule and is liberated from the structure by cleavage of ether linkages formed by reaction 
of the hydroxyl group of α-terpineol with the macromolecule (Hartgers et al. 1994). However, this is 
questionable in the case of the chondrites since previous work does not mention excessive p-
cymene in acid-demineralised organic residues of Orgeuil (Remusat et al. 2005b; Wang et al. 2005). 
Hence it seems that the p-cymene precursor, probably originating from pine oil, is incompletely 
removed from the clay matrix. Although p-cymene is dominant, there is also enhanced response for 
m-cymene in Orgueil. The origin of this compound is uncertain, but probably has a similar origin to 
the para-isomer. The pyrograms of Mokoia (CV3) show a strong response for an unsaturated 
alkylbenzene, interpreted to be 1-methyl-4-(1-methylethenyl) benzene (p-cymenene). Mighei shows 
a similar contamination profile to Mokoia, with cadalene, camphene, p-cymene and related 
compounds detected, along with relatively large responses for n-alkylthiophenes with maximum 
chain length of 11.  
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Chlorinated compounds are taken as a result of interactions with the extraction solvent 
dichloromethane. 
 
5.1.3. Summary 
The identification of contaminants, even within the macromolecular portion of the organics in the 
meteorites, demonstrates the difficulties associated with organic analyses of these materials. 
Solvent extraction will have removed the free components; however, biopolymeric material appears 
to have been incorporated into the rock matrix, perhaps from bacterial growth. It has been shown 
that samples of meteorites do contain viable terrestrial microorganisms (Oró & Tornabene 1965). 
The remains of dead microorganisms would also be expected along with their live counterparts, 
adding to the contamination. These could be responsible for the homologous series of n-
alkylbenzenes, n-alkylthiophenes, and possibly the n-alkanes. Contamination problems appear to be 
most significant for historical meteorites, that is, stones that have been in collections for many 
decades and have been stored in less than ideal conditions. Simple storage in wooden specimen 
cases or drawers allows the adsorption of volatile compounds from the wood and wood treatments 
onto the minerals of the meteorite, particularly clays. The higher porosity and permeability of the 
aqueously altered meteorites means that it is easier for contaminants to penetrate to the centre of 
stones. Those meteorite falls such as the Murchison meteorite that have been extensively studied 
due to the rapid collection of fragments after impact, limiting both weathering and contamination, 
still require curation under strictly controlled conditions (e.g. Kebukawa et al. 2009). The effect of 
contamination on CM1 and CM2 chondrites is mitigated to some extent by the relatively large 
quantities of indigenous organics. Despite these issues, there is still a wealth of information available 
in the organic signatures.   
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5.2. Indigenous pyrolysates 
5.2.1. Hydrocarbons 
Polycyclic aromatic hydrocarbons (PAHs), in both parental and alkylated form, make up a large part 
of the pyrolysates in all meteorites. As has been found in previous studies, the majority of the 
aromatics are one and two-ring, with lower responses for three and four ring. In this study, PAHs 
with maximum ring size of four were detected (pyrene and fluoranthene; m/z 202), which is in 
agreement with HRTEM measurements which show small units of 3-4 rings (e.g. Derenne et al. 
2003). Larger PAHs of up to seven rings have been found using hydropyrolysis (Sephton et al. 2005). 
Failure to identify them here is probably due to detection limits of the technique, following the 
general trend in meteorite organics of decreasing abundance with increasing carbon number. As 
well as condensed C0 PAHs, a range of alkylated isomers was also detected including C1-C5 
alkylbenzenes, along with C1-C4 alkylnaphthalenes. Tieschitz also has small responses for 
methylphenanthrenes/anthracenes (m/z 192), which are tentatively identifiable in Murchison and 
Mighei. Styrene and other single-ringed aromatics with terminal C=C double bonds on the alkyl 
groups originate from pyrolytic cleavage of bonds with free radical rearrangement. The highest 
molecular weight aromatic compound detected was o-terphenyl (m/z 230), which has also been 
found to be released by hydrous pyrolysis experiments on Murray (Yabuta 2007a). 
Whilst the behaviour of the organic macromolecule at 600 °C and 750 °C can be understood in terms 
of bond cleavage, this mechanism will not be responsible for the release of hydrocarbons at the 
lower 350 °C step. At 350 °C, the low temperature of pyrolysis makes it unlikely that naphthalene 
and other aromatic compounds were covalently bound to the macromolecule, as the C-C bonds 
would not be broken at this temperature. Instead, it is probable that this compound is held loosely 
within the macromolecular construct and released upon thermal desorption. Similar observations 
were made by Watson et al. (2010) using organic residue obtained from Murchison by HCl-HF acid 
demineralisation. In their case, a 280 °C TMAH thermochemolysis step permitted release of a range 
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of PAHs. The larger amounts of concentrated organic material used by Watson et al. (2010) may 
have permitted detection of other PAHs which could not be detected here due to low abundance. 
The presence of benzaldehyde and styrene in the pyrograms in this study may be explained by 
lower-strength bonds binding these moieties. The hydrocarbons liberated at the 350 °C step are thus 
believed to represent a combination of adsorbed or occluded material that is not structurally bound 
to the macromolecule, and heteroatomically-bound fragments that are susceptible to cleavage at 
lower energies. In the 350 °C pyrograms, the CI1 Orgueil has a large response for toluene, whilst 
benzene is absent (Figure 3.2). Naphthalene forms a much lower proportion of the total pyrolysates 
compared with the CM2s above, mirroring the 600 °C step distributions. There is also a much greater 
proportional response for m + p-xylene than in the CM2s discussed above at 350 °C. The two C4-
alkylbenzenes are a result of contamination. There is an apparent dominance of naphthalene over 
lower molecular weight alkylbenzenes in the CM2s compared to Orgueil, at both the 350 °C and 600 
°C steps. Cold Bokkeveld perhaps represents an intermediate between these two groups. Like 
Orgueil, it has a low relative response for naphthalene. Cold Bokkeveld has often been shown to 
have some affinities with CI chondrites, since it is has a complex alteration history and is 
heterogeneous (e.g. Greenwood et al. 1993).   
 
5.2.2. Sulphur –containing moieties 
Aliphatic sulphides (dimethyldisulphide, dimethyltrisulphide and related compounds) are detectable 
in Orgueil and the CM2 meteorites. These are potentially bridging units between aromatic rings 
(Derenne et al. 2002; Remusat et al. 2005b; Orthous-Daunay 2010). However, they may also derive 
from free-radical interactions of elemental sulphur with organic groups during pyrolysis.  
Sulphur compounds are common pyrolysis products of coal (e.g. Sinninghe Damsté et al. 1989), and 
also occur in significant quantities in carbonaceous chondrite macromolecular material (Sephton 
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2002 and references therein; Sephton et al. 2006b). Thiophenes are common to all the aqueously-
altered chondrites (Table 3.2) and include C1-C4 alkylthiophenes, benzothiophene, 
methylbenzothiophenes, and dibenzothiophene. Amongst the C2 alkylthiophenes, ethylthiophene is 
enhanced relative to the others in those meteorites which contain a homologous series of n-
alkylthiophenes from cyclization of unsaturated fatty acids (see Section 5.1.1). 
 
5.2.3. Nitrogen-containing moieties  
Benzonitrile is the most common nitrogen-bearing compound, however, pyridine and 
methylpyridine are present in some of the CM2s and CI1 (Table 3.2). As explained in the results, the 
refractory portion of the macromolecule remaining after 600 °C pyrolysis appears to be highly 
condensed. Of significance is the presence of benzonitrile in the 750 °C pyrograms of the CI1 and 
CM2 samples (Figures 3.2, 3.4, and 3.6).  Remusat et al. (2005b) note that the abundance of the 
benzonitrile precursor in Murchison was ‘very low’. This is in general agreement with results at 600 
°C, however it can be seen that at the 750 °C step, benzonitrile forms a significant part of the total 
pyrolysates released. The nature of the precursor nitrogen group in the macromolecule is uncertain. 
Sephton et al. (1999) investigated the nitrogen content of Murchison macromolecular material by a 
combination of hydrous and anhydrous pyrolysis techniques. It was found that hydrous pyrolysis 
removes the nitrogen moieties from the structure, and by extension, that the organic nitrogen could 
be removed by aqueous alteration on the parent body. It is clear therefore that there is abundant 
nitrogen present within the macromolecular structure of aqueously altered meteorites, although 
there are apparent discrepancies in determining the form this nitrogen takes. Benzonitrile can be 
formed during pyrolysis from amide, amine, or imine groups. On the basis of NMR data from Orgueil, 
Remusat et al. (2005b) determined that nitrogen was mostly incorporated into the macromolecule 
in the form of heterocycles e.g. pyrrole, with only small contributions from amide groups. However, 
elemental data (Alexander et al. 2007) of chondrite macromolecular material indicates that the 
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nitrogen is in a labile form, suggested to be amines. Yabuta et al. (2007b) have suggested that 
benzonitrile may be a product of ammonia reacting with benzaldehyde or carboxylic acid groups 
during alteration. Recent work has shown that free ammonia is an abundant product of high-
temperature aqueous alteration of CR2 macromolecular material (Pizzarello et al. 2011). Hence, 
more extensive aqueous alteration would have resulted in greater conversion of benzaldehyde and 
benzoic acids to benzonitrile as ammonia was released by aqueous processing.  
By taking the quotient of benzonitrile to the sum of benzene, toluene and naphthalene peak areas, it 
can be seen that there is a systematic trend across petrographic classes (Figure 3.12). Mighei, 
Murchison, Orgueil, Cold Bokkeveld and Murray all show a relative increase in the proportion of 
released benzonitrile form the 600 °C to 750 °C step. Orgueil shows a markedly higher ratio than the 
type 2 chondrites, with Cold Bokkeveld and Murray showing values which plot intermediately. This 
may be explained by the higher degree of aqueous alteration that Orgueil has experienced, which 
has facilitated the incorporation of more nitrogen into the structure.  
 
Figure 3.12.   Ratios of benzonitrile to summed extracted peak areas of benzene, toluene and naphthalene for 
the 600 °C and 750 °C multisteps. It is clear that benzonitrile is proportionately enhanced at the 750 °C step in 
the aqueously altered meteorites. Higher values for the type 3s at 600 °C than the equivalent step for the 
CM2s is likely due to the thermally stable benzonitrile surving through heating on the parent body 
preferentially to other aromatics. This effect is exaggerated in the 600 °C to 750 °C steps in the CM2s and CI1.   
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It is probable that for those rocks with levels of contamination comparable to the indigenous 
material, a portion of the benzonitrile signal may stem from microbial or other contamination.  
Methylbenzonitriles, dimethylbenzonitriles and naphthalene carbonitrile (tentative) were also 
detected in Orgueil. This range of nitrile compounds exceeds that typically found for meteorites, 
which do not extend past methylbenzonitrile. This suggests that a secondary terrestrial biological 
source may be in part responsible for these compounds. This is supported by the presence of 
methylbenzonitrile / benzylnitrile and octanenitrile in Mokoia, which contains a number of strong 
responses for known contaminants.  
 
5.2.4. Oxygen-containing moieties  
Phenols occur as a result of broken ether linkages within the macromolecule. A proportion of 
acetophenone may be indigenous; however examination of some pyrograms, particularly Tieschitz, 
shows that a large response for acetophenone is accompanied by identification of long-chained 
ketones. It is probable that during pyrolysis, a fraction of the ketones aromatizes in the presence of 
clays to form acetophenone. Other oxygen containing compounds detected include benzaldeheyde 
and methylbenzaldehyde, as well as the heterocyclic compounds benzofuran and dibenzofuran. It 
has been shown that the oxygen content of the macromolecule increases as result of hydrous 
alteration, with the oxygen sourced from the surrounding water, although at higher experimental 
hydrous pyrolysis temperatures, the O/C ratio falls again, as a result of decarboxylation (Oba & 
Naraoka 2009). 
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5.2.5. Unknown compounds 
A pair of peaks with similar mass spectra (Figure 3.13) appear in the pyrograms of the CM2s and CI1, 
and persist through to the high temperature 750 °C pyrolysis step, indicating that they are thermally 
stable compounds. The closest library match (NIST08) is 2- and 3- thiophenecarbonitrile. The 
principle ions are the same, although the proportions of the fragment ions are not an exact match. 
 
 
5.4. Thermal and Aqueous Alteration in the Parent Body 
5.2.6. Matrix effects 
It has been seen that functional aliphatic lipid contaminants can be aromatized in the presence of 
the mineral matrix, which includes some native sulphur, forming new products. Similar 
considerations may also apply to indigenous pyrolysates. However, the simple nature of the majority 
of the aromatic products of pyrolysis mean that these types of reactions are unlikely to occur. Clays 
are known to have a strong catalytic effect on functional compounds under analytical flash pyrolysis 
conditions (e.g. Faure et al. 2006) however this also depends strongly on the type of clay. Aqueously 
altered chondrites (CI and CM) are composed dominantly of serpentine phyllosilicates (e.g. Howard 
et al. 2009 for a recent assessment). Horsfield & Douglas (1980) and Espitalié et al. (1984) also found 
Figure 3.13.   Comparison of mass spectrum for unknown peak (from Orgueil 750 °C multistep) against a library 
result. The small peak at m/z 103 in the unknown spectrum is interference from benzonitrile. The scan range 
begins at m/z 50, which means any peak at m/z 45 which would help confirm the library match is not 
detectable. A peak with similar spectrum, but with a smaller m/z 58 peak elutes within the following minute, 
which may be thiophene-3-carbonitrile. 
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that different clays have different catalytic effects on kerogens.  Catalytically- formed products from 
indigenous hydrocarbons are difficult to determine in this study without direct comparison with 
acid-demineralized organic residues. Sephton (1997) performed such a comparison on Murchison, 
and found no differences between whole rock pyrolysates and those from demineralised residues. 
Therefore it is to be expected that whilst some catalytic processes may be occurring, the propensity 
of the serpentine to cause alteration is minimal. 
 
5.3. Parent body processes 
5.3.1. Introduction 
The broad trend of macromolecular organics across petrographic types is already well established. 
The aqueously altered examples show higher overall responses and a greater variety of compounds 
compared with the type 3 meteorites, which typically give simple pyrolysis products due to their 
thermal history on the parent body. Oxidation and heating caused loss of organic material, and 
defunctionalisation and condensation of the organics. It should be borne in mind that whilst the type 
CI1 meteorites are the more primitive in terms of their bulk chemical composition, i.e. their 
similarity of elemental abundance to solar values, they have been extensively altered. As such, the 
composition and structure of organic materials cannot be viewed as primitive, and are not 
representative of the original organic material that was originally incorporated into the parent body. 
Multistep pyrolysis has shown that few compounds are produced for the type 3s at 750 °C. This may 
be due to thermal alteration which rendered the organic material too graphitic to provide a py-GC-
MS response at detectable levels.  
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5.3.2. Thermal alteration 
The CM2 and CI1 carbonaceous chondrites have a well-recognized metamorphic sequence, but there 
is some argument over the intra-class ordering (e.g. McSween 1979; Bunch & Chang 1980; Browning 
et al. 1996; Rubin et al. 2007). Similar metamorphic sequences have been constructed for CV3 
(Guimon et al. 1995; Bonal et al. 2006), CO3 (McSween 1977a; Scott & Jones 1990; Sears et al. 1991; 
Chizmadia et al. 2002; Greenwood & Franchi 2004) and unequilibrated ordinary chondrites (UOCs) 
(Sears et al. 1980; Grossman & Brearley 2005; Buseman et al. 2007). These are based on a range of 
mineralogical parameters, including Induced Thermal Luminescence, mineral composition, 
measurements of elements and isotopes, and structural ordering of organic matter. The latter is 
based upon the fact that organic material subjected to more extreme thermal metamorphic heating 
will tend to crystallize to ordered graphite. This is measured by Raman spectroscopy.  
Whilst there are some discrepancies in the precise ordering of individual meteorites between 
different metamorphic schemes, it seems sensible to evaluate the data here in the context of that 
scheme devised on the basis of organic parameters. This will help overcome any decoupling effects 
that may exist between mineralogical and organic proxies. As such, the preferred scheme is that 
from Raman spectroscopy, which for the UOCs is Bishunpur LL3.1 < Chainpur LL3.4 < Tieschitz H/L3.6 
(Quirico et al. 2003). The CV3 scheme Allende (>3.6) > Mokoia (~3.6) > Leoville (3.1-3.4) (Bonal et al. 
2006) and the CO3 scheme Colony (3.1) < Kainsaz (3.6) < Ornans (3.6) < Warrenton (3.7) (Bonal et al. 
2007). Note the latter two schemes were developed by comparison of Raman data with that of the 
well-characterised UOCs. This intercomparison of organic matter types is based on the assumption 
that all the relevant parent bodies had the same starting material type (Alexander et al. 1998). Note 
also that the above schemes do not include all the meteorite specimens analysed by these authors. 
As a carbon-bearing rock experiences greater thermal metamorphism, aromatization proceeds with 
loss of heteroatoms, and the organic material becomes more graphitized. In terms of pyrolytic 
analysis, graphitic materials are inert, and will produce essentially no response, requiring 
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combustion at high temperatures to degrade the material to carbon dioxide. Before this stage is 
reached however, thermal maturity parameters based on relative abundances of hydrocarbon 
isomers may be applied (Radke et al. 1982; Sephton et al. 2000; Remusat et al. 2005b). Although it 
may be possible to assign relative degree of alteration based on heteroatomic compound 
distributions, these will be affected by the mineralogy and chemistry of the individual rock, and will 
also depend greatly on aqueous alteration.  
The methylnaphthalene maturity parameter is based upon the fact that beta alkyl configurations are 
more stable than alpha under thermal stress (Radke et al. 1982).  As such, it would be expected that 
those meteorites that have experienced higher temperatures would have a higher ratio than those 
that had experienced only slight thermal perturbation. The values in Figure 3.14 were calculated 
from peak areas of m/z 142 from the 600 °C single-step and 350 °C, 600 °C, and 750 °C multistep 
pyrolysis series. Only those meteorites where the methylnaphthalenes were detected with a 
satisfactory signal to noise ratio are shown. The type 2 and 1 meteorites have consistent values for 
all temperature steps. The ratios for the type 3 chondrites show a wider range of values. Kainsaz and 
Tieschitz show a significant drop in MNR at the 600 °C multi-step value compared with the single 
step value. This may be attributed to loosely bound or occluded material being desorbed at the 350 
°C step or alteration in the heated pyrolysis interface. From the 600 °C multistep data, which has had 
the thermally-desorbable component already removed at 350 °C, the alteration scheme is Bishunpur 
≈ Allende < Tieschitz ≈ Mokoia < Kainsaz. This scheme has little correspondence with those 
established from Raman spectroscopy (see above). Notably Allende has a much lower MNR value 
than would be expected, given its assignment as metamorphic grade 3.6. The fact that the type 3 
meteorites display generally comparable or lower MNR values than the type 1 and 2s that have 
experience milder thermal conditions suggests that aqueous alteration effects may be overprinting 
thermal equilibration trends of the methylnaphthalenes, and that the MNR may not be a useful 
indicator of thermal maturity. Other potential influences include sample heterogeneities, particular 
in the case of CV3s which are thought to be complex breccias with multiple components of different 
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history (McSween 1977b; Grossman 1980; Johnson et al. 1990; Sephton et al. 2006a).  Despite the 
difficulties associated with the type 3s, the consistent values for the CM2s and CI1, even across the  
 
 
 
different pyrolysis temperature steps, provides information on the thermal histories. The similar 
values indicate similar histories, and it seems likely that rather than a complex, multi-event history, 
the parent body experienced only gentle, continuous alteration. This is supported by mineralogical 
data which shows that phyllosilicate abundances for the CM2s are essentially the same (Howard et 
al. 2009). 
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Figure 3.14.   Methylnaphthalene ratios for individual meteorites at different pyrolysis temperature stages. 
The type 1 and 2s show remarkable consistency across samples and between pyrolysis temperatures, whereas 
the type 3s show a much greater variety of values, many lower than the type 1 and 2s, despite their higher 
metamorphic temperatures. Light grey diamonds = 600 °C single step; Dark grey diamonds = 600 °C multistep; 
Black diamonds = 750 °C multistep; Crosses = 350 °C multistep. 
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5.3.3. Aqueous alteration 
Aqueous alteration has a major influence on the organic content of meteorites. Of the five 
aqueously-altered chondrites analyzed here, Orgueil (type 1) has been determined as having 
experienced more extensive alteration than the type 2s Murchison, Cold Bokkeveld, Murray, and 
Mighei (e.g. Zolensky & McSween 1988; Clayton & Mayeda 1999). A number of indicators in the 
organic chemistry of chondrites can be used to assess the extent of aqueous alteration. The degree 
of alkylation of aromatic compounds is one such measure. Although free-radical termination 
mechanisms from the presence of water help to preserve alkyl side groups in aromatics, 
 
 
 
progressively more severe aqueous alteration oxidizes these side groups away. This can be seen 
especially in the ranges of alkylated benzenes and naphthalenes (Table 3.2), which for Orgueil and 
Cold Bokkeveld do not extend as far as for the other CM2s. A comparison of individual non-alkylated 
aromatics with alkylated aromatics should reflect this relationship, with the alkylated compound 
being more significant in the less altered meteorites. Sephton et al. (2004b) compared toluene / 
benzene ratios for a number of chondrites, for the purposes of identifying aqueous alteration in 
Antarctic CM chondrites which have been weathered. The weathering process was found to be 
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Figure 3.15.   A plot of the ratio of toluene (summed areas of m/z 91 and 92) to benzene (m/z 78 peak area) 
for the CM2s and CI1 (600 °C multistep data).  
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essentially a continuation of the aqueous alteration on the parent body, with lower toluene / 
benzene ratios in the Antarctic finds than in the falls. Plotting the toluene / benzene ratio for the 
CM2s and CI in this study (Figure 3.15) reveals a seemingly opposite trend, with the more aqueously 
altered CI Orgueil having a higher ratio than the CMs. This can be explained by the effect of heating 
on the Orgueil parent body. Hydrous pyrolysis experiments (Sephton 1997) demonstrated that with 
increasing temperature of pyrolysis, a larger proportion of toluene is released from the 
macromolecule. The intermediate ratio value of Cold Bokkeveld, together with the reduced range of 
compounds when compared with other CMs (Table 3.2), and the close association in 
macromolecular typing diagrams with Orgueil (Section 5.4.1), points to the fact that the analysed 
portion of the Cold Bokkeveld meteorite has experienced a level of heating above that of the other 
CM2s, but not as severe as Orgueil.  
Sulphur occurs in the macromolecule as heterocyclic thiophene structures. Sulphur incorporation 
into the macromolecule, although a consequence of aqueous alteration,  may not be a useful 
indicator of the degree of aqueous alteration since this will depend on the amount of sulphur 
available in the rock, and is thus a factor of mineralogy and therefore not comparable between 
meteorites and classes.  
Phenols are also an indicator of aqueous alteration; as the severity increases, the precursor oxygen-
containing groups are progressively removed (e.g. Sephton et al. 2000, 2004b). The relationships 
between hydrocarbons, and sulphur and oxygen containing compounds for the CM2 and CI1 
chondrites is illustrated by a trivariate plot of benzene, thiophene and phenol (Figure 3.16).   
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The most severely altered, Orgueil, together with the CM2 Cold Bokkeveld have minimal proportions 
of phenol, whilst the less altered meteorites Mighei, Murchison and Murray have a greater total 
proportion.  
Recent work has shown that large-scale percolation of water through pore space in chondrite parent 
bodies was unlikely to have occurred due to the small pore size (Bland et al. 2009). Instead, in-situ 
metamorphism with water incorporated during accretion will have altered the mineralogy and 
organic material, whilst maintaining the bulk chemical composition.  
 
 
 
Figure 3.16.   Trivariate plot of single-ringed pyrolysis products for the CM2 and CI1 chondrites. The 
proportions of thiophene and phenol vary as a result of the extent of aqueous alteration. All five show roughly 
equal percentages of benzene. The less-altered Mighei, Murray and Murchison have a higher proportion of 
phenol than the more extensively-altered Cold Bokkeveld and Orgueil. This is a consequence of the loss of 
ether bond groups within the structure, which would otherwise form phenols upon analytical pyrolysis. Peak 
areas taken from m/z 78, 84 and 94 from 600 °C multistep data. 
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5.4. Comparisons of meteorite macromolecular material 
5.4.1. Macromolecular typing 
Previous attempts have been made to reduce the complexity of the information in chondrite 
pyrolysis gas chromatograms in order to reveal underlying trends, a technique first used by Sephton 
et al. (1994) and then utilised by others (e.g. Murae 1995; Kitajima 2002). A similar approach is 
followed here. A simple trivariate plot of the peak areas of the primary extracted ions of benzene 
(m/z 78), toluene (m/z 91+92) and naphthalene (m/z 128) for each of the meteorite responses is 
shown in Figure 3.17. Those meteorites with total area of the four selected ions in the 600 °C single 
Figure 3.17.   Trivariate plots for benzene, toluene, and naphthalene for 600 °C single and multistep, and 750 
°C multistep. Type 3s group closely together (red circle), and plot systematically away from the type 1 and 2s 
(green circle). At 750 °C all meteorites that gave a measurable signal plot closely together towards the 
benzene apex, yet the ordering of the type 1 and 2s relative to the naphthalene apex remains the same.  
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step run less than four times that that of the blank were not included.  Relative proportions of 
benzene and naphthalene represent variations in ring size between samples, and hence degree of 
condensation. The alkyl group on toluene would be expected to be oxidized away under thermal 
oxidation or aqueous alteration on the parent body. It can be seen that there is tight grouping of the 
type 3 chondrites towards the smaller ring size. Although not shown, the relatively high response for 
naphthalene in Chainpur means that it is likely to plot on or close to the two-ring vertex. Amongst 
the CM2 and CI1 samples, there appears to be a general trend of decreasing ring size and increasing 
proportion of toluene with decreasing petrographic type. The increased proportion of two-ringed 
aromatics Murchison > Cold Bokkeveld > Orgueil is in agreement with the hydrous pyrolysis data of 
Sephton et al. (2000), which showed an increase in the proportion of two-ringed aromatics in the 
same order for these three meteorites. Variation within meteorite types is also evident with Cold 
Bokkeveld exhibiting a closer affinity to Orgueil than the other CM2s, reflecting its heterogeneous 
nature and complex alteration history. These similarities have also been noted in the distribution of 
sulphur-bearing species (Orthous-Daunay et al. 2010).  
It is instructive to compare pyrolysis plots of single step (600 °C) data and the multistep (600 °C) data 
(Figure 3.17). The main difference is the migration of Mokoia (CV3) away from the toluene vertex. 
This reflects the loss of toluene at the preceding 350 °C thermal desorption step for the multistep 
sample.  There is also a less severe shift away from toluene for Orgueil and Cold Bokkeveld. Most 
type 3 chondrites are generally unaffected by the multistep process and the 600 °C pyrolysates 
appear similar irrespective of whether a previous 350 °C step has taken place. The close plotting of 
macromolecular types between the 600 °C multistep and single step (Figure 3.17) and the close 
similarity of the chromatograms indicates that the chemical structure of the macromolecular 
material is not significantly affected by the 350 °C thermal volatilization step or residence time in the 
pyrolysis interface. Also shown in Figure 3.17 are the 750 °C step data for those meteorites that gave 
good responses. There is a systematic shift of the points towards smaller, condensed aromatic units 
compared to the 600 °C temperature step. Despite the large shift, the ordering of the CM2 and CM1s 
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relative to naphthalene remains the same, indicating that the fundamental structure of types being 
sampled are consistent throughout the stepped pyrolysis process.  
Interestingly, the 750 °C steps for CM2 and CI1 meteorites plot in a similar region to the 600 °C steps 
for type 3 chondrites. These data are in harmony with previously proposed interpretations of the 
macromolecular material comprising a labile organic fraction and a refractory organic fraction which 
is present in differing relative responses in the various meteorite types reflecting the degree and 
type of parent body alteration experienced (Sephton et al. 2003; Sephton et al. 2004c). The 
refractory organic matter is more resistant and therefore is noticeable in both low petrographic type 
meteorites that have been previously pyrolysed at lower temperature steps and higher petrographic 
type meteorites that have experienced thermal processing on the meteorite parent body.  
 
5.4.2. The structure of the meteoritic macromolecule 
The data gathered from the multistep pyrolysis investigation of meteoritic macromolecular material 
have revealed the presence of three distinct organic fractions. The first is a minor adsorbed 
component, driven off at 350 °C; the second is pyrolysable organic matter containing functional 
groups which is broken apart at 600 °C. The majority of the material detected is released at this step. 
The third fraction is a refractory aromatic component which is released at 750 °C. The compounds 
liberated at 350 °C from the CM2s and CI1 may have their origins in the labile, pyrolyzable organic 
matter. This is because there is generally a predominance of the two-ringed compound naphthalene 
over the one-ring compounds such as benzene or toluene in the CM2s. This reflects the distributions 
of these compounds at the higher temperature steps (Figures 3.2, 3.4, and 3.6). In addition, 
adsorbed contaminant would be expected to be biased towards lower molecular weights since these 
compounds are volatile and hence easier to transport. The 350 °C step of Orgueil shows a larger 
proportion of one-ring aromatics (principally toluene) over naphthalene, which is reflected in the 
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typing diagrams at higher temperatures (Figure 3.17). This relationship of ring-size distributions 
between the adsorbed organic matter and the labile pyrolyzable fraction suggests they are related, 
and is supported by isotopic data (e.g. Sephton et al. 1998). This relationship between ring sizes also 
extends from the 600 °C step to the 750 °C step. It has been noted that from the typing ternary 
diagrams (Figure 3.17), although the positions of the CM2s and CI1 at the 750 °C step move 
significantly from their positions at 600 °C, the order of the meteorites relative to naphthalene 
remains the same for both. This analysis therefore suggests that all three components (free, labile 
and refractory) have a common heritage for each meteorite. 
 
Figure 3.18.   Compilation of isotopic data from Murchison showing the three types of organic material. FOM = 
free organic matter; LOM = labile organic matter; ROM = refractory organic matter. Free and labile organic 
material is isotopically heavier than the refractory matter. Taken from Sephton et al. (2004c). Data is compiled 
from Cronin & Chang (1993); Sephton et al. (1998); Sephton et al. (2003). 
 
5.4.3. Relating the macromolecular structure to previous work 
Stepped combustion isotope measurements have previously revealed the presence of a number of 
distinct isotopic components in chondrites (Kerridge et al. 1987; Alexander et al. 1998; Sephton et al. 
2003, 2004c). These signatures have been interpreted as being distinct organic components 
(Sephton et al. 2003). The first is solvent soluble free material (free organic matter – FOM); the 
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second is labile material (LOM), and the final component is refractory organic matter (ROM). The 
three fractions identified in this study may be compared directly to this carbon and nitrogen isotope 
stepped-combustion data. A summary of the measurements of nitrogen and carbon isotopes is 
shown in Figure 3.18. The free, solvent soluble, organic matter has the heaviest isotopic 
composition, with the labile matter having lighter values, and the refractory organic matter having 
the lightest. The multistep pyrolysis data gathered here are the organic chemical representations of 
the isotopic data acquired by stepped combustion.    
Comparison of isotopic data from Murchison with that from Orgueil shows that during stepped 
combustion, lower isotopic values from the refractory organic matter are encountered after a 
smaller percentage of carbon has been released from Orgueil than for Murchison. This observation 
was suggested to be a consequence of the removal of significant amounts of isotopically heavier 
labile material from Orgueil as a result of the more extreme aqueous alteration history compared 
with Murchison (Sephton et al. 2003, 2004c). Stepped combustion of ordinary chondrites has also 
revealed the presence of a number of carbon components, including a poorly-ordered graphitic 
phase released at higher temperatures (Grady et al. 1989). It is unclear whether the labile and 
refractory organic materials are distinct phases, or are different parts of the same structure. It is 
known that the organic material in meteorites can have a number of different morphologies within 
the same specimen (e.g. Garvie & Buseck 2004); however any possible relationships between these 
observations and those obtained here are impossible to establish, because bulk materials were 
analyzed.   
 
5.4.4. Evolution of organic matter in the parent body 
It is useful when dealing with meteoritic organics to put the information in context with larger-scale 
processes. The fate of macromolecular carbon is tied to that of its mineral host, and hence 
examination of the former should include consideration of the latter. Labelling and elemental 
 125 
 
Chapter 3 Py-GC-MS of meteorites 
mapping techniques have revealed the intimate association of meteoritic organic matter with clay 
minerals (Pearson et al. 2002, 2007; Kebukawa et al. 2010). Interactions between minerals and 
organic entities are complex. Once sorbed, aromatic material is protected and can undergo further 
interactions and polymerisations (Collins et al. 1995; Salmon et al. 2000; Pearson et al. 2002). The 
association of meteoritic organics with phyllosilicates might indicate that there is a link. However, 
this is difficult to reconcile in the case of many type 3s, where few or no phyllosilciates have been 
found by SEM studies.  
One possible explanation for the distribution and composition of organic matter in chondrites comes 
from analysis of mineralogically-primitive meteorites. Based on observations of Vigarano and a range 
of other chondrites, Abreu and Brearly (2011) suggest that matrix olivines grew from an amorphous 
silica phase that was present in the solar nebula.  They noted that amorphous carbon was located in 
interstitial ferrihydrite between olivine grains, even assuming the mineral fabric. Although some 
carbonaceous inclusions were found within the olivines themselves, they were rare. This is 
supported by a previous study of the ungrouped highly primitive Acfer 094 (Greshake 1997), which 
exhibits a large proportion of amorphous silicate matrix. It is possible that finely disseminated 
carbonaceous grains from the solar nebula were excluded from the growing olivines and pushed to 
the periphery, where they became associated with hydrous phases such as ferrihydrite, which along 
with clays, is a strong adsorber of organic material. Modification of the organic material would have 
occurred as a result of the heating. In the case of CM1 and CM2, there was no growth of olivine 
grains since there was no significant thermal excursion. Instead, the organic material, already 
distributed throughout the silica phase, became associated and bound with phyllosilicates as these 
developed over the course of aqueous alteration. The water itself would not have been driven off 
due to the low temperatures, and instead became chemically bound in the clay structures. However, 
in the case of the type 3s, temperatures rose high enough quickly enough for the majority of the 
water to escape to space before significant hydration of mineral phases could occur, causing only 
incipient aqueous alteration. The homogenous distribution of water and organics in the pre-matrix 
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material in this way precludes the need for large scale percolation of water through the matrix which 
is apparently forbidden by the extremely fine grain size (Bland et al. 2009). Heterogeneities in parent 
body structure and composition as well as rate and degree of heating will have caused substantial 
variations in oxidation and annealing of organics between type 3s; the alteration was not uniform as 
with the CM1 and CM2s. The CMs are closely similar since there was only mild heating. The 
sequence described above therefore obviates the mechanisms of preferential trapping or binding of 
organics as a result of fluid flow through the matrix; they are simply preserved as a consequence of 
static metamorphism of minerals with dispersed organic grains that were already present. This also 
excludes the possibility of geochromatographic separation of compounds of different solubilities 
(Wing & Bada 1991; Elsila et al. 2005). Heating events also occurred after low-temperature hydrous 
alteration of some CMs (e.g. Kitajima et al. 2002). 
 
 
6. Conclusions 
The pyrolysis-GC-MS data presented here reinforces the model of aqueous and thermal alteration 
within the carbonaceous and ordinary chondrite groups. The application of multistep pyrolysis has 
given new insights into the structure of the macromolecule. The main findings can be summarized as 
follows: 
1. None of the meteorites can be described as ‘primitive’ based on their organic geochemistry. 
Thermal and aqueous alteration has had a profound effect on the composition, structure 
and abundance of the organic macromolecule. 
2. The release of benzonitrile from the macromolecule during analytical pyrolysis is 
highlighted. This compound, or its precursor, appears to be more thermally stable than 
other aromatics within the macromolecular structure, becoming relatively enhanced in 
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thermally altered type 3s, and forming a significant fraction of the total pyrolysates at 750 
°C for the aqueously altered samples. 
3. Three distinct components to the organic pyrolysis products of chondrites have been 
recognized. These three components appear to be related to each other, based on the ring-
size distributions of pyrolysates at each step.  
4. The presence of these three components match with observations from stepped 
combustion isotope analysis for carbon and nitrogen. The free organic material comprises 
adsorbed compounds which are easily liberated at relatively low temperatures (350 °C). The 
labile organic matter is functionalised and is released at moderate temperatures (600 °C). 
The refractory component is more graphitic, and is accessed at a higher pyrolysis 
temperature (750 °C). 
5. The relative abundance of the labile and refractory material is related to parent body 
history. Type 3 carbonaceous chondrites appear to have very limited or no labile material 
remaining, and likely have mostly refractory matter left. The absence of responses at 750 °C 
for the type 3s suggests that parent body heating has graphitized the organic material to the 
extent that it is not accessible by py-GC-MS. However, the histories of type 3s are complex 
and it is difficult to make generalizations.  
6. The ordinary chondrites show considerable variation in responses. They may represent a 
combination of refractory indigenous organic material and contamination. Contamination in 
Bishunpur for example is severe, and may account for a considerable portion of the labile 
pyrolyzable material.  
7. Macromolecular typing using simple pyrolysis products allows thermally altered and 
aqueously altered chondrites to be readily distinguished. Relationships of ring size and 
degree of alkylation within these two groups allow inferences to be made about the extent 
of alteration that each meteorite has experienced. From this, Cold Bokkeveld (CM2) appears 
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to show closer similarities to Orgueil (CI1) than other CM2s, indicating a different alteration 
history. 
8. Terrestrial contamination of the macromolecular fraction is pervasive. Although the 
macromolecular fraction is often asserted to be free from the effects of contamination (e.g. 
Bandurski & Nagy 1976; Wang et al. 2005), there is mounting evidence that this is not the 
case (Remusat et al. 2005b, 2008; Pearson et al. 2006; this study) 
The study of the organic components of carbonaceous and ordinary chondrites is challenging for a 
number of reasons. Often, only very small quantities of sample are available, placing limits on what 
techniques can be applied. The heterogeneous nature of chondrite meteorites means that sampling 
variations are inevitable, especially when dealing with small amounts of material that are not 
representative of the bulk rock. Some meteorites are a complex mixture of a number of different 
components, and there may be variation in the organic content between these. The effects of 
weathering on organic matter in finds are severe (Sephton et al. 2004b; Bland et al. 2006). The outer 
portion of the collected rock will have suffered to a greater extent than the interior. Contamination 
from the fall environment and from subsequent storage in collections must also be taken into 
account. Notably, amongst the contaminant molecules, there is pyrolytic alteration of polar 
functional-group containing compounds, with mineralogical catalysis, to less polar aromatic 
compounds that can be successfully eluted on the DB-5MS phase. Thus great care must be taken 
when interpreting pyrolysis data to ensure that particular compounds are not artefacts of 
contaminants or incompletely-extracted free organics that are ‘invisible’ to the analysis. Tandem 
whole-rock analyses with TMAH would help to identify polar moieties which are being transformed 
in this manner. 
Despite these factors, much useful information about the history of the parent body from which the 
meteorites originated can be ascertained, furthering our understanding of the processes that were 
operating in the very earliest history of the Solar System. 
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Chapter 4 - The contribution of volatiles by micrometeorites of ordinary 
chondrite composition to the early Earth 
 
1. Abstract 
Organic solvent extracts and pyrolysis-GC-MS responses were used to characterize the organic 
component of two type LL 3 ordinary chondrites, Bishunpur and Chainpur, and to compare them to 
two CO3 carbonaceous chondrites, Ornans and Colony. Solvent extracts of all samples show an 
unresolvable complex mixture (UCM) as the main feature. In addition, aromatic and aliphatic 
hydrocarbons were detected, a proportion of which are shown to be contaminants. Pyrolysis-GC-MS 
revealed a diverse range of pyrolysates for Bishunpur, and only weak responses of simple 
compounds for the remaining samples. The high response and diversity of products from Bishunpur 
is likely a result of terrestrial contamination, which is revealed in solvent extracts. Pyrolysis-FT-IR 
flash heating experiments were also performed on these meteorites. Py-FT-IR seeks to simulate the 
effects of atmospheric entry ablation heating on small dust grains, and determine the contribution 
of released volatiles to planetary atmospheres. Only water and carbon dioxide were detected from 
all four meteorites under 1000 °C flash pyrolysis conditions, and yields were low relative to type 
CM1 and CM2 chondrites. Coupled with the apparent low abundance of ordinary chondritic 
materials in the Solar System, micrometeorites of this composition were unlikely to have had 
significant effects on the chemistry of planetary atmospheres during the early stages of Solar System 
formation.  
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2. Introduction 
2.1. Extraterrestrial dust and delivery to Earth 
As well as the larger bodies of the Solar System, including asteroids and comets, there exists a 
considerable reservoir of smaller grains. These grains are swept up by the Earth as they fall in 
towards the Sun as a result of Poynting-Robertson light drag. It has been estimated that 30,000 ± 
20,000 tons per year of dust is captured this way (see Court & Sephton 2009a and references 
therein). Approximately 10% of this material survives entry through Earth’s atmosphere (Taylor et al. 
1998; Matrajt et al. 2003). Of the grains that are collected on Earth, micrometeorites are 
distinguished from interplanetary dust particles (IDPs) by the definition that IDPs are collected in the 
stratosphere by sampling aircraft, whereas micrometeorites have survived to reach the Earth’s 
surface. Micrometeorites are commonly collected in the Antarctic, where accumulations of the 
grains are retrieved from large volumes of melted ice (e.g. Maurette et al. 1991). The composition of 
many micrometeorites, which range in size from 30 µm – 1 mm, is believed to be asteroidal, based 
upon their similarities with chondrites (Brownlee et al. 1997; Genge et al. 1997). The <30 µm IDPs 
have a broader range of compositions, and some may be comet-derived (e.g. Sandford & Bradley 
1989). Micrometeorites are further distinguished from meteoroid ablation spheres, which originate 
from the shedding of small particles from larger meteoroid bodies as they enter the atmosphere 
(e.g. Blanchard et al. 1980). Harvey et al. (1998) describe a layer of meteoroid ablation spherules 
which were formed from a meteoroid as it passed through the atmosphere. The compositions of the 
collected spheres were all very similar, which would not be the expected distribution of a cumulative 
collection of many different types of extraterrestrial grains, which, together with cosmogenic nuclide 
information, indicated that the layer originated from a single larger body. The composition was 
determined to be that of an H chondrite. Micrometeorites have experienced a range of thermal 
perturbations during their transit through the atmosphere, ranging from completely melted to 
unmelted. This forms the basis for a proposed scheme of classification (Genge et al. 2008). 
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The ordinary chondrites are, as the name suggests, the most common type of chondrite that has 
been collected on Earth, forming 80% of recent falls (Bevan et al. 1998). One of the key questions is 
whether this sampling is representative of the actual abundance of this material in the Solar System 
(e.g. Meibom & Clark 1999). It is possible that due to the sampling by Earth of many tiny 
micrometeorites, rather than relatively occasional fortuitous encounters with larger stones, that the 
micrometeorites give a better representation of the distribution of material of different 
compositions throughout the Solar System. The estimate for the proportion of micrometeorites with 
ordinary chondrite-type material is <1% (Walter et al. 1995; Brownlee et al. 1997). Genge (2008) 
describes the identification of significant numbers of ordinary chondrite-derived coarse-grained 
micrometeorites collected from Antarctica. These ordinary composition micrometeorites were found 
to make up ~18% of all micrometeorites, and were related to a specific asteroid source. Whilst the 
composition of the flux of micrometeorites reaching Earth over recent geological time may be 
dependent upon significant individual events such as collisions in the asteroid belt, the composition 
of dust reaching Earth during the early stages of the Solar System may have been more 
representative of the bulk composition of rocky material in the Solar System. At the present, a 
general background flux of ‘average’ remnant dust may be punctuated by delivery of dust or larger 
material from specific impact or breakup events among the asteroids. Evidence for this comes from 
the ~480 Ma Ordovician fossil meteorites recovered from marine deposits in Sweden, which have 
been proposed to result from the breakup of an L-chondrite parent body (Schmitz et al. 1997, 2001). 
Collisions between small rocky bodies in the early stages of the Solar System would have been more 
frequent, producing a more average sampling of dust. Therefore it is important to have some idea of 
the distribution of compositons in the Solar System. Although the annual mass of infalling material 
on Earth is now relatively small, rates would have been much higher soon after the planets had 
formed with a spike in delivery during the Late Heavy Bombardment (Kring & Cohen 2002; Gomes et 
al. 2005). Despite these uncertainties, it is nevertheless essential to evaluate the volatiles released 
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from all types of dust particle in order to determine the effect that they had on the  composition of 
planetary atmospheres. 
 
2.2. Ablation heating of extraterrestrial dust 
The extraterrestrial dust particles enter the Earth’s atmosphere at a minimum of 11.1 kms-1 (escape 
velocity) and are flash heated by ablation with the air for a duration of the order of 5-15 seconds, 
undergoing dynamic pyrometamorphism (Rietmeijer 1998). They are decelerated at 100 – 80 km 
altitude and from there settle out from the atmosphere. The amount of heating suffered by an 
individual particle depends on its size, entry angle, velocity and density (Greshake et al. 1998; Flynn 
& McKay 1990; Love & Brownlee 1991). Large thermal gradients can develop between the interior 
and exterior of micrometeorites (Genge et al. 2000, 2002). There are a number of mineralogical 
changes that have been recognized in IDPs as a result of the flash heating, which can be summarized 
as oxidation and loss of volatiles (Rietmeijer 1998). A magnetite rim is formed on both IDPs and 
micrometeorites as a result of this heating. However, it is the volatile loss which is of interest in this 
study.  
 
2.3. The delivery of volatiles to the early Earth 
The delivery of volatiles, including water, carbon dioxide, carbon monoxide, methane, and sulphur 
dioxide among others, to planetary bodies early in the history of the Solar System has important 
implications for the evolution and development of atmospheres and oceans. All these gases have 
been detected from devolatilization experiments on meteorites (e.g. Gibson 1974; Gooding et al. 
1990; Gerasimov & Mukhin 1994; Muenow et al. 1995; Morris et al. 2005; Stelzner & Heide 1997; 
Remusat et al. 2005; Court & Sephton 2009a, 2009b, 2011). Water, carbon dioxide and methane will 
have implications for climate forcing on the young Earth, and sulphur dioxide reacts with water to 
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form aerosols which scatter incident solar radiation, as has been observed with dramatic effect for 
recent large volcanic eruptions (e.g. McCormick et al. 1995). Vaporized or oxidized sulphur may 
originate from the decomposition of sulphides in some micrometeorites, being partially responsible 
for their vesicular texture (Taylor et al. 2011). The input of water also has implications for the 
formation of oceans (e.g. Pavlov et al. 1999). The contributions of volatiles from different types of 
primitive material to the atmospheres will depend on the composition of the material and also its 
abundance in the Solar System. As well as climate considerations, including the Faint Young Sun 
paradox (e.g. Sagan & Mullen 1972; Kasting 1993), the composition of the atmospheres of the early 
terrestrial planets also has important implications for prebiotic chemistry. Early synthetic 
experiments intended to model the early Earth’s atmosphere used a reducing mixture of gases 
comprising hydrogen, methane, ammonia and water in combination with a spark discharge, resulting 
in a complex mixture of organics, including amino acids, which are the key components of proteins 
(Miller 1953). Work since then has shown that the atmosphere was more likely composed of a 
slightly reducing or neutral atmosphere of carbon dioxide and nitrogen (Kasting, 1993). It is thus 
important to try to determine the composition of the atmosphere and sources of compounds that 
may have been involved in prebiotic chemistry.  
 
2.4. Previous experimental work 
Experiments to determine the effects of heating on extraterrestrial dust particles and chondrites 
have been performed before (e.g. Fraundorf et al. 1982; Sandford & Bradley 1989; Klöck et al. 1994). 
Greshake et al. (1998) performed heating experiments on particles of CI chondrites at temperatures 
ranging from 700–1250 °C at times ranging from 10-60 seconds. Based on the loss of volatile 
elements, these authors reconstructed peak ablation temperatures of 1100–1200 °C for typical 
Antarctic micrometeorites. Theoretically calculated temperatures for ablating particles (Love & 
Brownlee 1991) are typically 1000 °C. There have also been previous investigations into the volatiles 
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released from ordinary chondrites. Muenow et al. (1995) performed ramped heating under vacuum 
and mass spectral analysis of released volatiles from unequilibrated ordinary chondrites. They found 
that apart from water, carbon monoxide was the most abundantly-released volatile. One proposed 
source of this gas was trapped inclusions, which burst at high temperatures, as was observed in 
similar analysis of enstatite chondrites (Muenow et al. 1992). However burst behaviour of vesicles 
was not observed for the unequilibrated ordinary chondrites (UOCs) . Instead, it was postulated that 
CO formed by reaction of graphite with FeO in minerals. 
The experimental work described here is a direct continuation of that of Court and Sephton (2009a, 
2009b, 2011) on carbonaceous chondrites. These studies included quantification of water and 
carbon dioxide (Court & Sephton 2009a) as well as more specific investigations of released methane 
(Court & Sephton 2009b) and sulphur dioxide (Court & Sephton 2011). The method used, 
quantitative pyrolysis FT-IR (see Chapter 2), has been shown to be an effective method for the 
assessment of volatile release from small amounts (milligrams) of sample (Court & Sephton 2009c). 
Whilst previous work focussed on carbonaceous chondrites, the investigation is here extended to 
include ordinary chondrites, which are the main meteorite type observed to fall on Earth today, as 
well as carbonaceous chondrites of comparable petrographic type.  
In this study, the ordinary chondrites Bishunpur (LL3.15) and Chainpur (LL3.4) were used as 
substitute material for ordinary-composition type micrometeorites. For comparison, two type 3 CO 
chondrites, Ornans and Colony, were similarly analysed. Type 3 carbonaceous chondrites have been 
assigned various metamorphic sequences based on mineralogy, thermolumniscence glow-curves, 
organic matter structural ordering measurements by Raman spectroscopy and other parameters 
(McSween 1977; Scott & Jones 1990; Chizmadia et al. 2002; Greenwood & Franchi 2004). Similar 
schemes have been proposed for ordinary chondrites with potential interclassification (Bonal et al. 
2005). Although type 3 carbonaceous chondrites have experienced heating on the parent body in 
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the approximate range 200-600 °C (Huss et al. 2006), they have the most primitive mineralogy 
according to petrologic studies (McSween 1977).  
 
3. Samples and Methods 
The meteorites investigated here are Ornans (CO3), Colony (CO3), Bishunpur (LL3), and Chainpur 
(LL3). Prior to organic solvent extraction, the powders were hot-water extracted for the analysis of 
amino acids in a separate study (Chan et al. in prep.). Evaluation of the total soluble hydrocarbon 
fraction allows assessment of the likely contribution of this fraction to volatiles under ablation 
conditions, as well as providing insights into the history of the meteorite.  
 
3.1. Extraction of free hydrocarbons 
Meteorite samples and a procedural clay blank were powdered and subject to hot water extraction 
as described in Chan et al. (in prep.). Following drying at ~40 °C, approximately 2 grams of powder 
from each meteorite (1 gram per extraction test tube) were sonicated for 10 minutes in 
dichloromethane (DCM) / methanol (MeOH) 93:7 by volume (3 ml per extraction test tube). The 
supernatant solvent was decanted after centrifugation at 2500 rpm for 15 minutes. Three cycles of 
extraction were performed. The combined extracts were evaporated down to a few millilitres. The 
sonication process had caused fragmentation of the mineral grains, which could not be separated by 
centrifuging. In order to remove this fine fraction, the extracts were run through a short alumina 
column, and the residue washed through with DCM/MeOH. The extracts were then reduced in 
volume under a stream of nitrogen and transferred to high recovery GC vials for manual injection on 
the GC-MS. 
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3.2. GC-MS of solvent-soluble hydrocarbons 
Since the expected recovery of hydrocarbons from the chondrite samples was low, extracts were 
reduced to approximately 10 µl, and 1 µl of this was injected for a single GC run. Small volumes 
cannot be effectively handled by the GC autosampler, necessitating manual injection. The manual 
injection technique is described in the Experimental section (Chapter 2). The GC was programmed 
from 30 °C, held for 2 minutes, to 310 °C at a rate of 4 °C/min. This temperature was held for 15 
minutes. Injection was splitless, with the inlet held at 250 °C. The column used was a J&W Scientific 
30 m DB-5 MS, with flow rate 1.1 ml/min. MSD scan range was m/z 50-550. External standards of 
hexamethylbenzene, p-terphenyl, squalane and adamantane were run using the same instrument 
method for the purposes of quantification. 
 
3.3. Pyrolysis FT-IR 
The analytical steup is described in Chapter 2. Pyrolysis was performed at 250 ˚C and 1000 ˚C. The 
former step is indented to drive off any terrestrial water that has adsorbed to the minerals in the 
meteorites since they fell. The higher temperature step is the temperature for ablation simulation. 
The duration of pyrolysis was 15 seconds in each case. The desorption step and higher temperature 
ablation simulation method allows for direct comparison with previously published work (Court & 
Sephton 2009a, 2009b, 2011).  The ablation step can be regarded as a typical heating profile for a 
micrometeorite entering the atmosphere. Spectra were obtained from 64 scans at a resolution of 4 
cm-1, with background correction performed for each individual run. Between 7 and 9 mg of finely 
powdered, unextracted meteorite sample were loaded into quartz tubes and plugged with quartz 
wool. The analysis was performed three times for each meteorite with the exception of Chainpur, 
which was run only once due to sample limitations. Pyrolysis was performed in an atmosphere of 
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helium, which is used as a substitute for the thin high-altitude atmosphere of the Earth, where 
oxygen is scarce (Court & Sephton 2011).  
Quantification was carried out as described in the Experimental section (Chapter 2), using known 
masses of sodium hydrogen carbonate to quantify water, and injection of pure gas into the pyrolysis 
cell for quantification of carbon dioxide. For direct gas injection, the volume of injected gas was 
corrected for the volume of the interface which is normally occupied by the body of the pyroprobe 
under normal operating conditions. By plotting the band areas of the reference peaks that were 
selected for quantification (3853 cm-1 for water; 669 cm-1 for carbon dioxide) against the sample 
mass injected or desorbed, calibration curves were constructed (Chapter 2). The equations of these 
curves were then used to determine the masses of water and carbon dioxide using the band areas 
acquired from each sample.  
 
 
4. Results 
4.1. Pyrolysis-FT-IR 
The only volatile species detected from all four samples were water and carbon dioxide. As might be 
expected for higher-petrographic type chondrites, the ordinary chondrites Bishunpur and Chainpur 
generated very little water and carbon dioxide when pyrolyzed. The IR spectra responses are 
generally poor (Figure 4.1.). Quantified amounts of water and carbon dioxide are presented in Table 
4.1 and Figures 4.2. and 4.3., respectively, alongside data from Court and Sephton (2009a), which 
was obtained using the same experimental setup. Of the four chondrites analysed here, Colony 
produced the most carbon dioxide and the most water, with Bishunpur producing the next greatest 
amounts. Ornans and Chainpur produced very little. The standard deviations for the three runs of 
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the samples (excepting Chainpur) are small, showing good reproducibility between runs. The 
quantified volatile releases are comparable with Mokoia (CV3), reinforcing the trend of increasing 
volatile content with decreasing petrographic type. Using the data of Court and Sephton (2009a), a 
simple plot of water versus carbon dioxide shows a very rough trend of increasing water to carbon 
dioxide ratio with decreasing petrographic type from type 3 to 2. This will be strongly dependant on 
the degree of aqueous alteration and hence proportion of hydrated silicate phases in the matrix of 
the meteorites, which release water upon heating. 
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Figure 4.1.   Pyrolysis-FT-IR spectra of the investigated meteorites. The spectra of water is the two sets of 
peaks at 3500-4000 cm-1 and 1300-2000 cm-1 (e.g. Colony, 250 °C). The response for CO2 is the large split peak 
at 2400 cm-1, and a narrow spike at 669 cm-1. Negative responses for CO2 are due to slight differences caused 
by instrumental drift between the background spectrum and sample spectrum acquired immediately 
afterwards. The undulating baseline (e.g. Ornans 250°C) is consequence of refraction of the IR beam in 
convection currents in the heated pyrolysis cell.     
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Figure 4.2.   Plot of weight percent of water evolved from meteorites for 250 °C desorption steps and 
subsequent 1000 °C ablation simulation, with standard deviations. Asterisked samples are from this study, the 
remainder are from Court and Sephton (2009a).  
 
Figure 4.3.   Plot of weight percent carbon dioxide evolved at the 1000 °C step. No carbon dioxide was 
detected at the 250 °C desorption step for the samples analyzed here. Asterisked samples are from this study, 
the remainder are from Court and Sephton (2009a).  
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250 °C desorption (wt%) 1000 °C ablation (wt%) 
 
Water σ (n=3) CO2 σ (n=3) Water σ (n=3) CO2 σ (n=3) 
Bishunpur  0.24 0.01 0 0 0.37 0.10 0.63 0.05 
Chainpur  0.18 - 0 - 0.19 - 0.28 - 
Ornans  -0.05 0.04 0 0 0.05 0.02 0.15 0.03 
Colony  1.68 0.63 0 0 2.55 0.04 1.34 0.15 
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Table 4.1.    Means and standard deviations of water and carbon dioxide from pyrolysis-FT-IR experiments. 
Values are weight percent of original sample. Negative values are a consequence of the levels of volatiles 
being insignificant compared to the difference between consecutive blank and sample runs. Only one run of 
Chainpur was performed; for all others n=3. 
Figure 4.4.   Plot of the water to carbon dioxide ratio for the 1000 °C step for the meteorites analyzed by Court 
and Sephton (2009a) and in this study (asterisked). There is a very general trend of increasing water to carbon 
dioxide ratio from type 3 to type 2 and 1 chondrites. This is explained very simply by the dominance of water- 
bearing phyllosilicates in the matrix of the type 1 and 2s. The excursion for Colony and ALH 88045 may be 
explained by terrestrial weathering of these finds. 
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4.2. Solvent Extracts 
4.2.1. General Features 
The dominant feature of the solvent extracts of Bishunpur, Chainpur, Colony and Ornans is the 
unresolvable complex mixture (UCM), which appears as a broad hump in the total ion 
chromatogram (Figure 4.5). This feature is absent in the procedural blank. n-Alkanes are common to 
all of the meteorites, along with a range of specific contaminants, and are discussed further below. 
As can be seen in Table 3.1, even Chainpur, the most recently fallen meteorite under investigation, 
has been at the Earth’s surface for over one hundred years. Colony is a find. This makes the chances 
of the free hydrocarbon fraction of these rocks being unaffected by terrestrial contamination very 
low. Exposure of even a few days caused significant contamination in the case of Allende (Han et al. 
1969) and it has been shown that Murchison has acquired contamination during its time on Earth 
(Kvenvolden et al. 1970; Cronin and Pizzarello 1990; Cronin & Chang 1993).  It is known that Colony 
has been weathered badly, and has resulted in significant alteration of the mineralogy (Rubin et al. 
1985; Noguchi et al. 1999). 
 
4.2.2. Total extractable organics 
The total detected organic content of the solvent extracts for each meteorite was calculated. The 
total area of all peaks on each chromatogram was acquired. These were corrected for the area under 
the baseline for a typical column bleed profile during a run. The concentration was calculated using 
squalane as the external standard, since this may be most representative of the dominant, believed 
to be aliphatic, UCM feature in all chromatograms. The concentration of organic compounds per 
gram of meteorite matrix was then corrected for the concentration in the blank. This gave the values 
listed in Table 4.2. 
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Figure 4.5. (previous page)   Total ion current chromatograms of the total hydrocarbon solvent extracts for the 
four meteorites. C11, undecane, appears to be a common contaminant in these and many other extractions. Its 
source is unknown. UCM = unresolved complex mixture; N = naphthalene; P = phenanthrene; Sq = squalene; 
ODA = octadecenamide; Chol = cholesterol; Triangles = plasticizers; Red diamonds = n-alkanes which range 
from C14-C26 in Chainpur, C17-C23 in Ornans, and C17-C19 in Colony. 
 
The concentrations are in a similar range to those calculated for Murchison (e.g. summary by 
Sephton 2002). By correcting the concentrations for the laboratory procedural blank, the remaining 
quantity therefore represents indigenous (extraterrestrial) organic compounds plus any 
contamination acquired before preparation and analysis. The two ordinary chondrites appear to 
have approximately twice the concentration of hydrocarbons found in the CO-type meteorites. 
 
Table 4.2.   Concentration of total extractable organics in the ordinary and type 3 carbonaceous chondrites 
(blank corrected). 
Meteorite 
Concentration of extracted hydrocarbons 
(ppm) 
Chainpur 84 
Colony 32  
Bishunpur 81 
Ornans 48 
 
Since preparatory alumina column chromatography was not performed due to the perceived low 
concentrations of free hydrocarbons in these samples, the extracted hydrocarbons include both 
aliphatic and aromatic compounds, as well as a portion of the more polar functionalised compounds 
which have eluted successfully on the capillary column. 
 
4.2.3. Contamination from extraction 
Contamination can be grouped into two types: that which was acquired during sample preparation 
and analysis, and that which was acquired by the meteorite sample in the environment and in 
storage since the time it fell. Laboratory contamination can be identified readily from the procedural 
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blank. The remaining components must be assessed individually for features that might betray their 
terrestrial or extraterrestrial origins. 
Laboratory contamination of the solvent extracts as determined from the procedural blank is 
unfortunately relatively high. This highlights the difficulties associated with working with powerful 
organic solvents and their ability to efficiently strip organic compounds from laboratory sources. The 
contamination is exaggerated compared to a typical run due to low concentrations of organic 
compounds in the sample, and dramatic reduction of the volume of the solvent for the purposes of 
GC injection. Reduction of the solvent to such small amounts will increase the background, since the 
solvents used may not be completely free of manufacturing artefacts. This represents orders-of-
magnitude concentration relative to a typically-extracted terrestrial environmental sample, and was 
performed due to the perceived low abundances of organic compounds expected in the extract. In 
actual fact, the response of compounds extracted in the meteorites was sufficiently high that a more 
dilute solution (total extract volume of tens to hundreds of microlitres) would have given acceptable 
GC-MS responses on injection of 1 µl. Laboratory contamination may also result from storage for 
extended time, and unavoidable carry-over on the instrument from previously analyses. Crushed 
meteorite powders have much greater surface area than chips or fragments, vastly increasing the 
ability to adsorb airborne contaminants. 
With the ability to recognize laboratory artefacts in the chromatograms of the meteorites, the 
remaining responses may be assumed to be native to the meteorite (i.e. both extraterrestrial and 
acquired pre-analytical terrestrial compounds).  Each meteorite is dealt with in turn (Figure 4.5). 
Chainpur The total ion chromatogram (TIC) of Chainpur has a large UCM of complex aliphatic 
compounds. This identification is made on the basis of mass spectra acquired at positions in the 
spectra where there are no discrete peaks or responses. A sample spectrum from Chainpur is shown 
in Figure 4.7. Superimposed on the UCM are a series of n-alkanes, along with pristane and phytane. 
Notable among the main aromatic responses are naphthalene and phenanthrene, along with retene.  
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Bishunpur One of the striking features of the Bishunpur total extract is the presence of a series of 
high molecular weight compounds. They exhibit poor chromatographic performance as is typical for 
functional compounds on an incompatible column. The series continued to elute after the end of the 
programmed GC run, as evidenced by the appearance of carryover into the following blank runs. 
Although not all the peaks could be positively identified, one of the peaks was identified as 1-
(hydroxymethyl)-1,2-ethanediyl ester dodecanoic acid (Figure 4.6). This is a diglyceride. Similarities 
of the spectra with the other peaks in the series suggest that they are related; the 183 m/z ion 
appears common to many peaks. They are also the probable precursor compounds of the 
homologous series of n-alkyl benzenes in the Bishunpur pyrolysates. These compounds are present 
in a substantial proportion of other pyrolysed meteorite samples (See Chapter 3). A series of 
monoglycerides (including 2,3-dihydroxypropylester dodecanoic acid) also give strong response in 
the chromatogram. The fact that the hydrocarbon extract of Bishunpur has been so heavily 
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Figure 4.6.   Mass spectrum from a compound which occurs in a series from Bishunpur (top) along with a 
library match for a diglyceride.  
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compromised by contaminant compounds makes interpretation of the provenance of other 
compounds questionable. 
Ornans The TIC of Ornans is again dominated by a UCM hump, upon which are superimposed 
responses for n-alkanes. Pristane, phytane and squalene are amongst the isoprenoidal hydrocarbons 
detected. A sterol, and (Z)- 9-octadecenamide also contribute large discrete responses. The latter 
compound is a fatty acid derivative. 
 
 
Figure 4.7.   Sample mass spectrum from the unresolvable complex mixture of Chainpur. The ion fragment 
distribution suggests that an aliphatic mixture makes up the bulk of the UCM. 
 
Colony Discrete peaks in Colony are dominated by plasticizers, identifiable from their characteristic 
m/z 149 ion. These plasticizers were not identifiable in the procedural blank, indicating that they 
were introduced before analysis. As with the other meteorites, an unresolvable complex mixture of 
aliphatic compounds is also present. It should be noted that the apparent size of the peaks and UCM 
in Figure 4.5 are not comparable between samples, since each chromatogram is plotted on a 
different vertical scale, in addition to which non-equivalent proportions of each meteorite total 
extract were injected for each individual GC-MS analysis.  
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Each individual sample will have its own fall, collection, storage, and curation history, thus creating a 
unique profile of contamination. Unravelling this from any potential indigenous compounds in the 
meteorite is problematic.  
 
4.3. Pyrolysis GC-MS 
Full results of pyrolysis-GC-MS for the four meteorites have been previously described in Chapter 3. 
 
 
5. Discussion 
5.1. Solvent extracts 
5.1.1. Aliphatic compounds 
It is apparent that all the meteorite solvent extracts have been contaminated by natural and man-
made organic compounds. A series of n-alkanes is present in all samples together with pristane and 
phytane. Whilst pristane and phytane are unarguably terrestrial contaminants, there has been 
historical debate about the origin of n-alkanes. They were originally proposed as being the product 
of Fischer-Tropsch type reactions of carbon monoxide and hydrogen in the solar nebula, catalysed by 
metal grains (Studier et al. 1972; Anders et al. 1974; Hayatsu & Anders 1981). However, 
inconsistencies with isotopes (Lancet & Anders 1970; Yuen et al. 1984) and the fact that catalytic 
phases were only formed later (Kerridge et al. 1979; Bunch & Chang 1980) cast serious doubts on 
this hypothesis. Instead, observations such as the decrease in concentration toward the centre of 
stones (Cronin & Pizzarello 1990), the ubiquity of pristane and phytane (Nooner & Oró 1967) in the 
analyzed meteorites, and the appearance of n-alkanes in Murchison decades after it was first 
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analyzed following its fall (Cronin & Chang 1993) indicate a terrestrial origin for this series of 
compounds. This was confirmed by stable isotope analysis of the n-alkanes which showed them to 
have values consistent with a terrestrial source (Sephton et al. 2001). 
The dominant feature in all the meteorite chromatograms is the unresolved complex mixture (UCM) 
of aliphatic compounds. A similar feature has also been identified by Kvenvolden et al. (1970) and 
Cronin and Pizzarello (1990) in solvent extracts of Murchison, and was determined to be composed 
of cycloalkanes. This lends strength to the fact that the UCM is an extraterrestrial feature.    
 
5.1.2. Aromatic compounds 
A range of parental, alkylated and oxygenated aromatic compounds are present in the extracts. 
However, there are also aromatic species with a recognizable terrestrial biogenic origin, including 
retene, which forms a clear response in Chainpur, and cadalene. Retene in particular is a known 
product of biomass burning (Ramdahl 1983), and this throws into question the indigeneity of other 
aromatic compounds. In Chainpur, the responses of the parental PAHs naphthalene and 
phenanthrene are greater than the alkylated derivatives, which is a feature of the products of 
combusted biomass. Yet, Pering and Ponnamperuma (1971) analyzed the aromatic fraction of 
Murchison, and identified a range of parental and alkylated species ranging up to pyrene, and noted 
that the unbranched parental species dominate. There are also difficulties associated with 
determining the relative contribution of aromatic compounds of different molecular weight. 
Evaporation of the extraction solvent causes preferential loss of the lower molecular weight 
compounds, producing an artificial bias towards higher molecular weights (Basile et al. 1984; Cronin 
& Chang 1993; Sephton 2002). Comparisons of solvent-extracted hydrocarbons with thermal and 
supercritical fluid extracted fractions show that there is a dominance of lower molecular weight 
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aromatic compounds. This is masked by evaporative losses of small compounds during solvent 
extraction (e.g. Sephton et al. 1998). 
Given the high levels of terrestrial contamination detected in Chainpur, Bishunpur, Ornans and 
Colony, it may fall to compound-specific stable isotope analysis to determine an extraterrestrial or 
terrestrial origin for the hydrocarbon compounds (e.g. Yuen et al. 1984; Krishnamurthy et al. 1992; 
Gilmour & Pillinger 1994; Sephton & Gilmour 2000). Additional information about the character of 
the unresolvable complex mixture may be attained by GC x GC analysis, which takes small portions 
of the eluting compounds and subjects them to very rapid separation on a second column (e.g. 
Watson et al. 2007). Techniques such as two-step laser desorption- mass spectrometry which have a 
high sensitivity and can be used on small amounts of sample have also been used on carbonaceous 
chondrites (e.g. Hahn et al. 1988). 
Based upon the calculated concentrations of total extractable hydrocarbons, which is in the range of 
tens of parts per million (Table 4.2), the free organic fraction will not make significant contribution to 
the carbon dioxide detected in the pyrolysis-FT-IR experiments. The concentrations are comparable 
to those of Murchison, which is known to have a higher total organic carbon content that type 3 
chondrites. The elevated values described here are the result of terrestrial compound addition.   
 
5.2. Pyrolysis-GC-MS 
A more complete discussion of the pyrolysis-GC-MS characterisation is given in Chapter 3. In 
summary, both Ornans and Colony exhibited poor response. The dominant product in Chainpur was 
naphthalene, which is consistent with previous pyrolysis-GC-MS studies (Sephton 1997). Bishunpur 
gave the strongest overall response and highest diversity of products; however it may be assumed 
that a substantial portion of pyrolysates from this sample originate from terrestrial contamination 
sources, as indicated by the array of contamination found in the solvent extract. It may be assumed 
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that a certain proportion of this escaped extraction by sonication in solvents and remained trapped 
within the rock and organic matrix, which was then subjected to pyrolysis. A second portion of 
Bishunpur which had not been subjected to prior hot water extraction was extracted with 
DCM/MeOH as before and analyzed by pyrolysis-GC-MS. It was the intention to compare this 
pyrolysis chromatogram with that of the powder that had also been water extracted, in order to 
determine any detrimental effects that the hot water extraction may have had on the organic 
inventory. However, this second sample was found to contain a suite of long chained ketones among 
the pyrolysates, which may be expected to be originate from compounds such as shown in Figure 
4.6. It appears that additional hot water extraction may be required to completely remove these 
polar compounds from the meteorite matrix.  
 
5.3. Pyrolysis FT-IR 
5.3.1. Origin of volatiles 
Water The water evolved during pyrolysis originates from two sources – firstly, adsorbed terrestrial 
water acquired since the meteorite has been resident on Earth, and indigenous water that is bound 
within hydrated mineral phases. There may also be indiginous adsorbed water. As discussed in the 
methods section, the 250 °C step is intended to desorb and remove the terrestrial water, leaving 
only the native water that can be removed at the higher 1000 °C step (e.g. Morris et al. 2005). The 
amount of desorbed water will depend on the mineralogy of the sample as it would be expected 
that certain mineral phases such as clays would adsorb more water than unaltered silicates such as 
olivine or pyroxene. Co-plots of the 250 °C and 1000 °C steps for water for the four meteorites 
analysed in this study show that for each sample the amount of water released is similar at each step 
(Figure 4.2). Colony shows slightly more release at 1000 °C than 250 °C. The most likely source of the 
indigenous water component is hydrous mineral phases such as clays, which form in the meteorite 
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matrix as a result of aqueous alteration on the parent body. The matrix of CO3 chondrites makes up 
30-40 vol% of the total meteorite, and is composed of a high proportion of olivine in addition to 
minor pyroxene (Brearley & Jones 1998). The matrix of unequilibrated ordinary chondrites such as 
Bishunpur and Chainpur can be variable, comprising amorphous silicate phases, olivine and 
pyroxene (Brearley & Jones 1998). Although classified as type 3s, and hence characterized by 
moderate thermal alteration, some have nevertheless experienced limited aqueous alteration. 
Bishunpur has suffered incipient alteration, evidenced by smectite in chondrule rims and matrix 
(Alexander et al. 1989). Ornans has been shown to contain some phyllosilicates (Kerridge 1964).  
However, hydrated mineral phases form only a very minor part of the matrix, meaning that any 
contribution of water from phyllosilicate dehydration is small. This is reflected in the low release 
quantities for water in the three meteorites, excluding Colony. The higher water content for Colony 
may be attributed to weathering processes (Gibson & Bogard 1978; Bland et al. 2006) which have 
altered the rock, resulting in a high water content. This high water content has previously been 
determined as 5.7 wt% (Rubin et al. 1985).  
 
Carbon Dioxide Court and Sephton (2009) considered that organic material is responsible for the 
release of most of the carbon dioxide in carbonaceous chondrites during ablation simulations. 
Carbon dioxide can also be released from decomposition of carbonates. Muenow et al. (1995) 
performed devolatilization experiments on unequilibrated ordinary chondrites, including Chainpur 
and Bishnupur, and concluded that carbon dioxide is derived from terrestrial contaminant material 
in the form of carbonates. These authors analyzed tens of milligrams of sample by slow (5 °Cmin-1) 
heating up to 1300 °C with the volatiles analyzed by mass spectrometer. The identified carbon 
dioxide release occurred at around 750 °C, which the authors attributed to carbonate. It would be 
expected that organic material would decompose at much lower temperatures. It is significant that 
of the four meteorites analysed here, Colony produced the most volatiles. This is because Colony is 
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the only find, and as such has spent an unknown time directly exposed to weathering processes. 
Rubin et al. (1985) note that the rock is badly weathered, and attribute the enhanced carbon 
measured in this sample to contamination. The higher value of carbon dioxide for Colony could be 
explained to be a result of acquired organic contamination, since it is known that meteorites can 
acquire significant carbon from the surrounding environment (Gibson & Bogard 1978; Ash & Pillinger 
1993). Greenwood & Franchi (2004) found Colony to have a total carbon content of 0.98%, which 
was the highest of the ten CO3 meteorites analyzed in their study. Yet, the pyrolysis-GC-MS results 
at 600 °C and 750 °C show very low responses (Chapter 3), and the calculated total concentration of 
extractable hydrocarbons is significantly less than the two ordinary chondrites, which display lower 
amounts of released carbon dioxide. This suggests that the carbon dioxide is either sourced from a 
graphitic component inaccessible to pyrolysis-GC-MS, or that the carbon dioxide originates from 
inorganic mineral phases such as carbonates. Stepped combustion of Colony may help to reveal the 
nature of the carbon-bearing component (Newton et al. 1992). 
 The carbonaceous component of interplanetary dust particles (IDPs) has also previously been 
investigated. IDPs have a similar chemical composition to CI carbonaceous chondrites, but the 
carbon content is considerably higher than the 2-3% of meteorites (Clemett et al. 1993; Thomas et 
al. 1994; Flynn et al. 2008). It is believed that a large proportion of IDPs are derived from comets 
(e.g. Rietmeijer 1998; Flynn et al. 2008). Volatilization, fragmentation and polymerisation reactions 
of the polycyclic aromatic hydrocarbons in the IDPs occur during atmospheric entry (Thomas et al. 
1995). The fact that carbonaceous materials are present in such significant quantities in cosmic dust 
particles demonstrates that ablative heating is an inefficient process for the complete volatilization 
of carbonaceous material. Micrometeorites, which are collected at the Earth’s surface, are distinct 
from the IDPs. They also contain carbonaceous material, of several weight percent of total or more 
(Engrand & Maurette 1998; Clemett et al. 1998; Nakamura et al. 2005; Wilson et al. 2008; Duprat et 
al. 2010). Evidence for the devolatilization of carbonaceous material in micrometeorites comes from 
its vesicular texture, which has also been observed in IDPs (Thomas et al. 1995). 
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5.4 Comparisons with previous studies 
The only detected volatiles from ablation simulations of the two ordinary and two CO3 chondrites 
were carbon dioxide and water. The apparent lack of carbon monoxide is in contrast to the findings 
of Muenow et al. (1995). These authors subjected a range of ordinary chondrites, including Chainpur 
and Bishunpur, to vacuum pyrolysis coupled with mass spectrometry. This discrepancy may primarily 
be a result of differences in experimental method. Firstly, these authors used small fragments rather 
than powdered material. If any gases, including carbon monoxide, were trapped in mineral 
inclusions in the samples in this study then they would have been lost when the sample was 
crushed. Secondly, the temperature ramp profile was much longer than the simulated flash heating 
ablation experiments performed here. Assuming heating was carried out starting from room 
temperature, the total time of heating was over 4 hours. Carbon monoxide began to be produced at 
around 900 °C; with a 5 °Cmin-1 heating ramp the samples were at this temperature or greater for 
over an hour. This time is orders of magnitude longer than the 15 seconds employed in the pyrolysis-
FT-IR work. Slower heating rates, and more time spent at higher temperatures allows chemical 
reactions to proceed further. 15 seconds was likely insufficient for significant interaction between 
organic carbon and mineral species.    
Vacuum pyrolysis experiments were also performed by Remusat et al. (2005) on Orgueil and 
Murchison. Their results are shown in Figure 4.8. It can be seen that considerable quantities of 
carbon monoxide are evolved relative to carbon dioxide, and that the contribution of sulphur gases 
is high from Murchison. Again, slow heating rates of 25 °Cmin-1 up to 600 °C seem to allow reactions 
to go further towards completion. The release of greater quantities of sulphur dioxide from 
Murchison compared to Orgueil is a direct contradiction to the flash pyrolysis ablation simulation 
experiments of Court and Sephton (2011), which found a greater release of sulphur dioxide from 
Orgueil. This may also have an explanation in the length of time the sample was heated for.  
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Although sulphur dioxide was not detected by FT-IR in this study, it appears to be a common product 
of pyrolysis during pyrolysis-GC-MS analysis for many meteorites, appearing as a large peak of m/z 
64 in the gas peak at the start of the pyrolysis chromatogram, and occurs in all four of the 
meteorites under investigation here. It would appear that the levels produced in the case of the 
meteorites analysed here is below the threshold of detection for FT-IR.    
 
5.5. The contribution to planetary atmospheres 
The flash pyrolysis FT-IR experiments are intended to simulate the ablation of infalling dust particles 
entering the Earth’s atmosphere. The rapid heating rates and short duration of heating are not 
representative of the processes that were occurring on parent bodies or primitive rocky planets. In 
these experiments, the minerals of the meteorites will not reach equilibrium, and gaseous 
components will be distributed and diffused throughout the pyrolysis cell, hampering any further 
reaction of products with the matrix. As such, they cannot be readily compared to chemical 
equilibrium thermodynamic modelling of the primitive Earth atmosphere (Schaefer & Fegley 2007, 
Figure 4.8.   Yields of various gases produced by vacuum pyrolysis of Murchison and Orgueil. Considerable 
amounts of carbon monoxide are liberated, which was not detected in the work of Court and Sephton (2009), 
which used the same techniques as here. This lack of carbon monoxide may be explained by a short heating 
duration which does not allow reactions to go towards completion. This could also be the reason for the lack 
of carbon monoxide in the ordinary and CO3 chondrites analysed here. Taken from Remusat et al. 2005. 
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2010). However, they can provide information on an exogenous volatile input which would 
contribute to the bulk atmosphere generated by planetary outgassing. Such gases would influence 
the propensity of the atmosphere to generate biologically-relavent molecules such as amino acids by 
mechanisms such as volcanic cloud and atmospheric lightning discharge, and would also influence 
the greenhouse gas effect. 
Court and Sephton (2009a) calculated the annual delivery of water and carbon dioxide to Earth from 
ablating micrometeorites at present as being in the range of tens of tons, which is negligible. In 
addition, these authors calculated estimates for the production of these volatiles at around the time 
of the Late Heavy Bombardment, when the delivery of dust was higher, as being on the order of 
millions of tons per year. These estimates were based on a 4% proportion of CM2 carbonaceous 
material which may not be representative of true micrometeorite composition distribution since 
these seem to have a dominant carbonaceous affinity (Kurat et al. 1994). Coupled with the observed 
higher carbonaceous content of IDPs over meteorites, this estimate is likely to be an underestimate, 
although the overall difference in delivered volatiles will still be small compared with such sources as 
volcanic eruptions. It is clear from Figures 4.2 and 4.3 that the amounts of carbon dioxide and water 
released from the type 3 carbonaceous chondrites and the ordinary chondrites is much lower than 
types 1 or 2. Compared with the relatively large amounts of volatiles released from type 1 and 2 
carbonaceous chondrites, the type 3 carbonaceous and ordinary chondrites would be unlikely to 
have had any considerable influence on the composition of planetary atmospheres. Despite this, the 
total contribution of accreted ordinary chondrite material may have had a significant influence on 
the chemistry of the atmosphere during prolonged heating and equilibration (Schaefer & Fegley 
2007, 2010).  
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6. Conclusions 
Ablation simulations of ordinary chondrites and CO-type carbonaceous chondrites show that only 
water and carbon dioxide are released in amounts sufficient to be detectable to FT-IR. Quantification 
of these gases shows that they are released in much lower quantities than for type 1 and 2 
carbonaceous chondrites. Although previous experimental work by other workers detected the 
release of a large proportion of carbon monoxide, the short duration of heating and open system in 
the ablation simulations here appear not to allow significant production. It is clear therefore that for 
100% ordinary chondrite composition of infalling extraterrestrial dust, which is unlikely given the 
proportions of carbonaceous and ordinary-type micrometeorites (see Introduction), the amount of 
volatiles delivered to Earth annually by ablative heating mechanisms, both at present and during 
times of higher flux in the early Solar System, would be negligible.    
 The primary variation in the amount of water devolatilized from different meteorites is a result of 
the aqueous alteration experienced by each rock on the parent body. During pyrolysis, water is 
released mainly from hydrated clay minerals, themselves formed by alteration of primary minerals 
on the parent body. There may also be a small amount of secondary terrestrial mineral alteration in 
the case of found meteorites. In ablation experiments, there may be an enhanced carbon dioxide 
response as a result of the growth of carbonates and the acquisition of organic carbon in the 
terrestrial environment.  
The solvent extracts of the four meteorites were compromised, probably by airborne contamination 
from long residence time in the laboratory prior to analysis. Beneath this however, the terrestrial 
contamination acquired previously by the rocks is evidenced by homologous n-alkanes, and lipids 
(particularly in Bishunpur), as well as plasticizers. These may originate from sample preparation, 
such as cutting on rock saws with lubricating oil present, or from sample handling and storage, or 
from the environment the meteorite fell in.  
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Although this investigation has found there to be little volatile contribution to planetary 
atmospheres upon ablation of ordinary chondritic materials, investigation of micrometeorites 
nevertheless still has particular relevance to future Mars missions. This is because it has been 
estimated that the surface soil may be composed of tens of percent of meteoritic material, a large 
proportion of which will be micrometeoritic in nature (Flynn & McKay 1990). Any sample return 
mission would necessitate comparison of recovered micrometeorites from the Martian soil with 
terrestrial collections.  
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Chapter 5 – Meteorite Macromolecular Material Analogues 
 
1. Abstract 
Understanding the processes involved in the evolution of organic matter in the early history of the 
Solar System requires extensive experimental work. Carbonaceous meteorites, which are a principal 
target for organic analyses of authentic abiotic organic matter, are rare. Hence there is a need for 
analogue materials that are available in larger quantities and on which various experiments can be 
carried out. Benefits of effective meteorite organic analogues include training of personnel, testing 
of analytical methods, contamination studies, and optimisation of space mission instruments. The 
bulk of the organic inventory of carbonaceous chondrites is made up of solvent-insoluble 
macromolecular carbon. This material provides a record of thermal and aqueous parent body 
alteration of precursor organics present at the birth of the Solar System. In this chapter I report the 
identification of a meteorite macromolecular material analogue comprised of a type IV kerogen from 
Mesozoic palaeosols. The utility of this analogue is demonstrated alongside other candidate 
materials and comparisons are made using pyrolysis-gas chromatography-mass spectrometry. The 
new meteorite macromolecular material analogue can help to relieve the burden on precious 
meteorite samples for preliminary procedures ultimately destined for the analysis of genuine 
extraterrestrial organic matter.  
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2. Introduction 
2.1. The need for analogues 
The relative scarcity and high importance of the carbonaceous chondrites means that they are not 
available in large quantities for experimental work. Such experimental work includes the training of 
analysts, the development of new extraction, preparation, and analysis techniques, the monitoring 
of contamination mechanisms by the use of “witness” materials and the optimisation of instruments 
developed for in situ analysis on space missions. Examples of the latter are provided by equipment 
being developed for the flotilla of spacecraft destined to land on Mars in the next two decades.  One 
way to circumvent the restrictions placed on sample availability by the scarcity of meteorite samples 
is to use terrestrial materials that can act as analogues to meteoritic organic assemblages. An ideal 
analogue would be easy to prepare or acquire, be available in large amounts, be standardized for 
application in different laboratories, and most importantly would provide a close chemical match to 
its meteoritic counterpart.  
 
2.2. Previously proposed analogues 
Previous workers have compared the meteorite macromolecular material to terrestrial kerogens and 
coals (e.g. Hayatsu et al. 1977, 1983; Murae 1997; Ehrenfreund et al. 1991, Quirico et al. 2003), 
however it is stated that these comparisons are poor, and are only partially representative (e.g. 
Hayatsu et al. 1980; Kerridge 1987; Quirico et al. 2003). The unsatisfactory match between kerogens 
and meteorite organic materials is because the two types of material are formed in very different 
ways (Figure 5.1.). Kerogen is formed as a combination of original biopolymers and condensation of 
smaller units into geopolymers as sedimentary organic matter undergoes burial and heating over 
geological timescales (Tegelaar et al. 1989). Meteorite macromolecular materials by contrast are the 
products of random organic synthesis, undirected at any stage by biological enzymes. Multiple 
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isomeric configurations exist and additional complexity is generated by physical alteration by heat 
and water after the organic matter is incorporated into forming planetesimals.  
 
Figure 5.1.   Summary diagram showing the formation pathways of kerogens (left side) and meteoritic organics 
(right side). Sedimentary organic matter accumulates in basins and other depocentres, and after further 
sediment accumulation and tectonic movements, becomes buried and subject to increasing temperatures 
from the geothermal gradient, which causes maturation of the organic matter. Cracking, oil generation and 
fluid migration all have impacts on the final composition.  For the meteoritic material, a fragment of a 
molecular cloud (1) collapses forming a solar disc (2), within which accretion of rocky bodies occurs (3). Some 
of these rocky bodies persist to the present day, having escaped incorporation into larger planets. Fragments 
of these bodies can be dislodged by impacts, and fall into the orbital paths of the inner planets. This would 
have been a major process during the earlier stages of the Solar System, with high rates of infall to the young 
planets (4). 
 
2.3. Limitations of previous studies 
Yet, it is important to note that previous studies have concentrated on very particular types of 
kerogen for meteorite macromolecular material analogues and have not explored the full range 
available. Kerogens are classified into four broad types, I-IV, depending on the relative proportions 
of different organic macerals contained within. The four types can be represented on a van Krevelen 
diagram reflecting the elemental ratios of hydrogen/carbon and oxygen/carbon (Figure 5.2a). A 
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more modern means of displaying chemical differences is provided by the modified van Krevelen 
 
 
diagram based on RockEval pyrolysis data (Figure 5.2b). Types I-III follow distinct pathways on the 
diagram during maturation, becoming increasingly graphitic in character as values approach the 
origin. Type IV kerogen is a unique material in that it has limited hydrocarbon generation potential 
and as such it is often overlooked.  
 
2.4. Potential analogues for assessment 
To reassess the utility of kerogens as meteorite macromolecular material analogues a wide range of 
materials were studied. Analyses were performed on a range of kerogen and coal types.  The work in 
this Chapter is notable in that a novel comparison between meteoritic macromolecular material and 
type IV kerogens from a series of palaeosols (ancient preserved soil horizons in the rock record) from 
the Jurassic limestones of southern England was performed. The meteorite targets for comparison 
are the Type 1 and Type 2 chondrites, because, of all the carbonaceous chondrites, these show the 
greatest variety and abundance of organic species. 
 
Figure 5.2.   a Van Krevelen diagram, showing the maturation pathways of the three types of kerogen. b 
Modified van Krevelen diagram, which uses parameters measured from RockEval analysis. 
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2.5. Techniques for assessment 
A number of analytical methods are available to assess the utility of potential analogues of 
meteoritic macromolecular material. Here, pyrolysis-GC-MS has been used owing to its small sample 
size requirement, moderately quick analysis time, and historical use for the characterisation of 
meteoritic organic matter dating back over decades. During pyrolysis-GC-MS, rapid heating of the 
previously solvent-extracted sample breaks bonds in the macromolecular material, resulting in a 
series of small organic fragments that are amenable to GC-MS. These fragments provide information 
about the original macromolecular structure. Fourier transform-infrared spectroscopy and imaging 
techniques were also employed in some cases to more fully characterise the materials. 
 
2.6. Summary and signpost 
The data reveal that the biological origin of most terrestrial kerogens preclude their use as an 
effective meteorite macromolecular material analogue as noted by previous authors (e.g. Quirico et 
al. 2003). Yet, as kerogens are combusted, matured or partially oxidised, their biological origins are 
obscured and the residual material takes on a more abiotic appearance. Highly degraded type IV 
kerogens may therefore provide material that approaches the chemical characteristics of 
extraterrestrial macromolecular materials. 
 
 
3. Samples 
Meteorite organic macromolecular material is dominated by aromatic units. Hence, a successful 
terrestrial analogue will also contain a substantial proportion of aromatic units in its organic 
network. This requirement precludes the use of type I and II kerogens which are dominated by 
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aliphatic hydrocarbon structures derived from algal or cuticular remains. The type III and type IV 
kerogens which comprise materials derived from partially aromatic land plant biopolymers do meet 
the criteria for potentially effective analogues. The sampling strategy for the work described in this 
chapter, therefore, targeted a number of type III and type IV kerogens.  
 
3.1. Palaeosols 
Palaeosols can provide valuable insights into a wide range of parameters, including palaeo-
environment, -climate, -ecology, and erosion (Retallack et al. 1991; Rye & Holland 1998; Kraus 1999), 
and as such are widely studied. Palaeosols from Dorset, southern England have a dark organic matrix 
that has the potential to be useful analogue material for meteorite macromolecular organic matter. 
These particular units, however, have not been previously analyzed for their organic geochemistry.  
The calcareous palaeosols of the Purbeck Limestone Group in southern England are an extensively-
studied instance of classic Mesozoic geology. They are well-known for the occurrence of silicified 
Figure 5.3.   Sample collection localities for the palaeosols, Dorset. Extensive quarrying on the Isle of Portland 
provides good exposure. Slipped blocks at the Wakeham East site give access to beds that would otherwise be 
unreachable.  
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conifer trees which can be found preserved in-situ in the soils (Figure 5.5). The palaeosols 
themselves lie close to the base of the Purbeck Limestone Group, which was deposited during a 
period of tectonic extension in the Wessex Basin over the late Jurassic to early Cretaceous (Chadwick 
1986; Butler 1998). The Purbeck Limestone Group, as defined by Westhead and Mather (1996), 
consists of a sequence of limestones, marls, and evaporites deposited under semi-arid conditions in 
waters varying from fresh to hypersaline (West 1975). The sequence represents a gradual regression 
and a change from semi-arid conditions at the base of the group to a more humid climate at the top 
(Sladen & Batten 1984; Allen et al. 1998; Batten 2002; Riboulleau et al. 2007; Schnyder et al. 2009). 
Within the Mupe Member at the base of the Group, there occur three distinct palaeosols, termed 
Dirt Beds, which are separated by beds of algal limestones (Figures 5.4 & 5.5). The Great Dirt Bed 
Figure 5.4.   Generalized stratigraphic log of the palaeosol section. Modified from Francis (1984), Westhead 
and Mather (1996) and Underhill (2002).   
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(GDB) is uppermost and is the best formed of the three. It is a dark-coloured marl with limestone 
clasts, classified as a rendzina (West 1979). The Lower Dirt Bed (LDB) and Basal Dirt Bed (BDB) lie 
below, and are thinner and less continuous than the GDB. Detailed descriptions of the Dirt Beds and 
fossil trees are provided by Francis (1983, 1984, 1986).   
Although devoid of detailed organic geochemical studies, the Dorset palaeosols have been 
previously examined using scanning electron microscopy and a key organic-bearing component 
appears to be fusain, or fossil charcoal (Francis 1983, 1986; Scott 2000). Fusain is produced by the 
pyrolysis of plant material during natural burning events and often preserves intricate structural 
detail (for a review see Scott 2010). The fusain fragments occur in the palaeosols mainly as sub-
millimetre sized particles which are readily distinguishable under the microscope. In addition to 
palaeobotanical information, textural changes to the cell structure of the wood reveals information 
about the temperature of the fires. Higher temperatures (>300 °C) have the effect of homogenizing 
the cell wall from its original tri-layered structure (Scott 2000). Francis (1984) notes the absence of 
charred branches or tree stumps in the Dirt Beds, and suggests that fires were confined to the 
undergrowth. 
The Dirt Beds form part of cycles of emergence and transgression (West 1975), with sufficient time 
between flooding events for gymnosperm forests to become established. Underhill (2002) argues for 
a fault-controlled model of deposition for the Purbeck Limestone Group, with offsets along the 
extensional fault systems creating depocentres, and fault movements allowing ingress of the sea 
which abruptly drowned the conifer forests. Algal mats that grew after flooding of the soils 
facilitated the preservation of the beds and tree remains, which would otherwise be quickly 
destroyed. The forests of the Purbeck were populated chiefly by conifers of type Cheirolepidiaceae 
along with some ferns and cycadophytes (Francis 1983, 1984).  
Palaeosol samples were collected from three sites on the Isle of Portland, and one further site from 
Lulworth Cove on the mainland (Figure 5.3, Table 5.1). Samples of the Great Dirt Bed were collected 
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from all sites, and samples from the Lower and Basal Dirt Beds were collected from Tout Quarry. The 
Wakeham East locality was selected based on descriptions from Francis (1986), who sampled the 
quarry close to this locality. Although the disused quarry was not found, a suitable site was found 
close by. Figure 5.5 shows the appearance of the Great Dirt Bed at Kingsbarrow Quarry, and the 
complete section containing the three beds at Tout Quarry. 
 
3.2. Charcoals 
Charcoals have been previously identified in the Dirt Bed palaeosols (Francis 1986), and represent an 
important component of the preserved organic carbon. Efforts to characterise the organic 
geochemical composition of the bulk palaeosols must therefore take this into consideration. 
Separate analysis of the charcoals allows characteristic compounds unique to the charcoal to be 
identified. Although charcoal has a high preservation potential, it is nevertheless subject to chemical 
modifications over geological time, and often on much shorter timescales. In order to put the 
palaeosol charcoal in context, a number of other charred wood samples were also collected. A series 
of fusains from the Fairlight Clays of the Cretaceous Wealden, which is slightly younger than the 
palaeosols (Brasier et al. 2009) were analysed. This represents a charcoal of similar age, and of 
similar plant material, but which was deposited under different conditions, in this case a braided 
river channel. An artificially-made charcoal served as a comparison between freshly-formed charcoal 
and ancient examples, believed to have been created under similar conditions. Following the 
methods of Jones et al. (1991) and Guo and Bustin (1998), twigs 3-4 cm long and a few millimetres in 
diameter were buried in pre-baked silica sand in a Pyrex beaker to a depth of approx 1 cm, at a 
temperature of 330 °C for 1 hour. This temperature was chosen to approximate the conditions of a 
ground fire (Scott 2000). After heating, the furnace was turned off and allowed to cool overnight.  In 
addition to the above samples, a synthetic black carbon was also analysed for comparison. 
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Table 5.1.  Complete list of analyzed analogue materials and target meteorites.  
Sample Sample name Unit/Petrologic 
Type 
Locality/Collection Grid Reference 
Palaeosols 
 
 
 
 
 
Fossil Forest GDB Great Dirt Bed nr. Lulworth Cove SY  831 797 
Wakeham East GDB Great Dirt Bed Portland SY  70047 71499 
Kingsbarrow Quarry GDB Great Dirt Bed Portland SY  69196 73035 
Tout Quarry GDB Great Dirt Bed Portland SY  68598  72661 
Tout Quarry LDB Lower Dirt Bed Portland SY  6867  7273 
Tout Quarry BDB Basal Dirt Bed Portland SY  6867  7273 
     
Charcoals 
 
 
 
 
 
Fossil Forest  Great Dirt Bed nr. Lulworth Cove  SY  831 797 
Wakeham East Great Dirt Bed Portland SY  70047 71499 
Kingsbarrow Quarry Great Dirt Bed Portland SY  69196 73035 
Fairlight 1 Ashdown Sands Hastings 1070000 E, 15766000 N 
Fairlight 2 Ashdown Sands Hastings 1070000 E, 15766000 N 
Fairlight 3  Ashdown Sands Hastings 1070000 E, 15766000 N 
Artificial Charcoal Conifer twigs Wimbledon 
Common 
- 
     
Coals 
 
 
Lignite Wealden Dorset - 
High Volatile Bituminous A - - - 
Low Volatile Bituminous A Lorraine Seam Siege Reumaux - 
Anthracite  - - - 
     
Synthetic carbon Carbon Black - - - 
     
Meteorites Murchison CM2 Fall - 
Kainsaz CO3 Fall - 
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Figure 5.5.   Context for sample collection. Clockwise from top left: the much-photographed silicified conifer at 
the Heights Hotel on Portland; rare in situ preserved silicified tree remains in the Great Dirt Bed, location 
withheld; full section of the dirt beds at Tout Quarry. Tree holes can be seen in the Hard Cap, where fallen 
branches formed a cavity when they rotted away. The Great Dirt Bed was not accessible at this section, but 
was instead collected from a short distance away; detail of the Great Dirt Bed at Kingsbarrow Quarry. The dark 
matrix contains abundant carbonate clasts.  
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3.3. Coals 
Coals of various rank have been put forward as analogues or used as materials for direct comparison 
with meteorites (e.g. Hayatsu et al. 1977; 1980; Quirico et al. 2003; Murae 1997; Ehrenfreund et al. 
1991). Humic coals are formed from higher plant matter, which undergoes stages of peatification 
and coalification (Killops & Killops 2005). The plant matter is deposited in waterlogged, swampy 
environments, where anoxic conditions develop. The main components of peat are humic 
substances, lignin, lipids and polysaccharides such as cellulose. Peatification involves mainly 
microbial processes as more susceptible components such as the cellulose are broken down. During 
peatification and the early stages of coalification, functional groups are gradually lost. Much of the 
aromatic character of the coal originates from the lignin structures which are generally more 
resistant to degradation. Bond rearrangements preserve the overall structural relationships between 
lignin units (Hatcher & Clifford 1997). Demethylation of methoxy groups and dehydroxylation 
(removal of OH groups) continues. This marks the end of the microbial biochemical modification and 
the beginning of the effects of heat as the unit is buried. Aromaticity increases with maturity, and 
this begins to destroy the relationships between the lignin units. The further effect of heat and 
pressure cause groups of aromatic rings to become aligned and gradually more ordered with the 
eventual end product of graphite (Killops & Killops 2005). A comparison of calculated structural 
models of a bituminous coal and the Murchison macromolecular material is shown in Figure 5.6. 
Common features are the aromatic groups joined by cross-linkages of heteroatoms and short 
aliphatic bridges. Here, four coals of different rank were analysed by pyrolysis-GC-MS and included 
lignite, high volatile bituminous A (HVB-A), low volatile bituminous A (LVB-A), and anthracite (Table 
5.1). The range in rank gives a spectrum across the coalification process, with the early stage 
represented by lignite, moving through high volatile bituminous coal, to low volatile bituminous coal 
and then anthracite. In addition, a synthetic black carbon, which is abiotic, was similarly analyzed.   
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3.4. Meteorites 
Meteoritic macromolecular material, as discussed in Chapter 3, comprises a network of small 
aromatic units cross-connected by heteroatoms and short aliphatic bridges (Hayatsu et al. 1977; 
Remusat et al. 2005a). The starting materials were inherited from the solar nebula, and synthetic 
mechanisms that may have been operating in the nebula such as UV and cosmic ray-induced 
reactions (d’Hendecourt et al. 1986; Allamandola et al. 1999) have the potential to increase the 
diversity of products. However, the pre-solar inventory of organics was largely overwritten by 
metamorphic processes occurring on the small parent bodies and planetesimals, although the 
isotopic signal denoting their pre-solar origins remains (Robert & Epstein 1982). The end-product of 
this was a complex aromatic network, with smaller amounts of free, solvent soluble organics. There 
are sharp differences between the organic macromolecules of meteorites that have experienced 
limited heating and major aqueous alteration on their parent bodies, and those which have been 
raised to several hundreds of degrees without the presence of water. As shown in Chapter 3, low 
petrographic type carbonaceous chondrites have a relatively large organic fraction, with diverse 
pyrolysis products, whereas type 3 and higher chondrites have limited response and diversity, if 
indeed any labile macromolecular material can be released by analytical pyrolysis. The effects of 
heat on meteoritic macromolecular material will be comparable to those of coal as described above, 
with aromatization and condensation and increased structural ordering. Laboratory work requires 
organics from a range of meteorites of varying petrographic types, so a similar range of analogues 
reflecting this could be sought. However, as noted previously, the focus is on aqueously altered type 
1 and 2, since these sustain the highest levels of interest in studies of pre-biotic chemistry.  Hence, 
Murchison (CM2) was chosen as a suitable representative of aqueously altered carbonaceous 
chondrites. Kainsaz (CO3) was selected as an example of a type 3 chondrite with a good pyrolysis 
response, which is interpreted as being mainly indigenous.   
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Figure 5.6.   Inferred structures of a bituminous coal (taken from Shinn 1984) and b macromolecular carbon in 
Murchison (taken from Derenne & Robert 2010). R = organic moiety. They are both aromatic frameworks with 
aliphatic and heteroatomic cross-linkages, but the precise structure and quantities of particular functional 
groups differ between the two. 
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4. Methods 
4.1. Total organic carbon content 
100 mg of powdered sample was weighed and introduced to 0.5M HCl solution to remove carbonate 
material (x 2) followed by washing with high purity reverse osmosis water. The sample was then 
inserted into a LECO carbon analyzer where it is heated to 1000 °C in presence of oxygen. The 
organic carbon was converted to CO2 which is measured by an infrared cell, already calibrated on 
samples of known carbon content. 
 
4.2. RockEval pyrolysis 
For RockEval pyrolysis a small amount of crushed sample was weighed and introduced into a furnace 
in an inert atmosphere. Firstly, at around 300 °C, any free hydrocarbons in the sample (S1) are 
volatilized and detected by a Flame Ionization Detector. Secondly, the temperature is raised by 25 °C 
min-1 up to 550 °C which thermally degrades the kerogen to produce pyrolytically generated 
hydrocarbons (S2) also detected by FID. Carbon dioxide generated by heating up to 390 °C (S3) is 
measured by a thermal conductivity. Tmax refers to the temperature of the maximum hydrocarbon 
production. 
 
4.3. Sample preparation and extraction 
Rock samples: The rock samples were crushed to a fine powder and dried for 5 hr at 110 °C. Two 1 g 
aliquots of crushed sample were extracted in approximately 5 ml of 93:7 DCM/MeOH v/v by 
sonication, followed by centrifugation and then collection of the supernatant. These steps were 
repeated a further 3 times and the extracts combined. Elemental sulphur was removed by addition 
of HCl-activated copper turnings. The combined extracts were then fractionated on an alumina 
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microcolumn (1 ml bed volume) by elution with 3 ml each of hexane (aliphatic fraction), 
dichloromethane (aromatic fraction) and methanol (polar fraction). The hexane and 
dichloromethane fractions were reduced to 250 µl under a stream of nitrogen gas before injection 
on the GC-MS. In order to preserve any volatile, lower molecular weight compounds, the extracts 
were not allowed to reduce to complete dryness, except when adsorbing the extracts to alumina 
powder to load the fractionation column. A procedural blank of montmorillonite clay, fired at 500 °C 
for 3 hours was run in parallel with the soils. No significant contamination was found.  
Charcoal samples: Fusain fragments were picked directly from separate lightly crushed quantities of 
the palaesols with the aid of a binocular microscope. Damp samples were dried overnight at 90 °C, 
to facilitate particle separation. Due to the very small particle size, individual fragments were 
collected together and homogenized for solvent extraction and analysis by FTIR and pyrolysis. The 
picked charcoal fragments, as well as the experimental charcoal and lignite, were crushed and then 
sonicated in approximately 1 ml 93:7 DCM/MeOH and centrifuged, and repeated for a total of five 
extractions. Without SEM identification of each individual fusain fragment before analysis, it cannot 
be certain that the plant type being analyzed is the target conifer. For this study, the charcoal 
fraction of each sample is assumed to be dominated by the tissues of the conifer family 
Cheirolepidacae based on the dominance of this conifer in the Purbeck forests and the relative 
paucity of other identified palaeobotanical materials in these deposits which amount to a few 
cycadophytes and lycopods  (Francis 1983, 1984, 1986).  
   
4.4. GC-MS analysis of solvent soluble compounds 
Analyses of the solvent extracts and fractions were carried out on an Agilent 6890 gas 
chromatograph interfaced to an Agilent 5973 inert Mass Selective Detector. Separation was 
performed on a 30 m J&W Scientific DB-5MS Ultra Inert column. The oven temperature program 
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comprised a start temperature of 50 °C for the aliphatic fractions, and 30 °C for the aromatic 
fractions, held for 1 minute, followed by a ramp of 4 °C min-1 to 310 °C where the temperature was 
held for 20 min. Helium column flow was 1.1 ml min-1, and injection was splitless, with the inlet held 
at 250 °C. The Mass Selective Detector collected data over a scan range of m/z 50-550.  
 
4.5. Pyrolysis GC-MS analysis of solvent-insoluble organic materials 
Pyrolysis was performed using a Chemical Data Systems AS2500 autosampler unit, interfaced with 
the GC-MS system described above. Since different organic macromolecules have different optimum 
pyrolysis temperatures, the best analytical conditions were determined by performing stepped 
pyrolysis on selected samples. Consequently, pyrolysis temperatures of 600 °C were chosen for bulk 
palaeosols, with a duration of 15 seconds. Based on previous studies in the literature, 750 °C with a 
duration of 15 seconds was chosen for the charcoal samples, since this gives the strongest response 
for charcoals, and allows comparisons with published work (e.g. Kaal et al. 2009). For direct 
comparison with the charcoals, lignite and palaeosol bulk samples were also analysed using the 
same conditions of 750 °C for a duration of 15 seconds. Coals and meteorites were all pyrolysed at 
600 °C for 15 seconds. For all samples, the pyrolysis unit interface was maintained at 290-300 °C, and 
the GC inlet was at 280 °C. The yield of pyrolysis products from all bulk soils was very low, 
necessitating operation of the GC in splitless mode, which introduces almost all the pyrolysates on to 
the column. Charcoal and coal samples were run in split mode (25:1 or 50:1 split ratios). The GC 
oven temperature program began at 35 °C where it was held for 2 minutes, followed by a ramp of 4 
°C min-1 to 310 °C where it was held for 10-15 minutes. The extensive tubing within the pyrolysis unit 
potentially allows for sample carryover, especially when using low flow rates as with splitless mode, 
however blanks in-between samples showed no significant cross-contamination between samples. 
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4.6. Scanning Electron Microscope imaging 
Individual picked fusain particles from the palaeosols were mounted on carbon tabs for imaging. 
Images were obtained with a Leo 1455VP (Variable Pressure) SEM. Chamber pressure was 19 Pa, 
with an accelerating voltage of 15 KV. Fragments were examined for flora type and degree of 
preservation, including the fusing of cell boundaries which would be indicative of a higher-
temperature burning event.  
 
4.7. Fourier Transform-Infrared spectroscopy  
FT-IR spectroscopy of the charcoals and lignite was performed.  FT-IR spectra were collected using a 
Nicolet 5700 fitted with a Smart Orbit accessory unit with a diamond crystal plate. A background 
spectrum of 128 scans was collected before each sample spectrum of 128 scans, at a resolution of 4 
cm-1. A pressure tower was used to apply consistent pressure to the sample to ensure good contact 
with the diamond crystal plate. Data were reduced using Omnic software and bonds identified 
according to previously published data.  
 
4.8. X-Ray diffraction  
The samples were gently ground before being side-packed into cavity mounts where they were 
identified by X-ray diffraction (XRD) using a Philips PW1830 diffractometer with Cu Kα radiation. The 
generator settings were 45 kV, 40 mA and the samples were scanned from 2.5 – 70 º2θ. 
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5. Results 
5.1. SEM imaging 
Key features of a selection of fusain fragments and lignite are shown in Figure 5.9. The primary 
morphological differences between lignite and fusain are clear. Lignite is amorphous and exhibits a 
conchoidal fracture, whereas the fusain production mechanism has preserved the cell structure of 
the plant materials. Examination of the fusain reveals that temperatures have been reached that 
were sufficient to cause fusing of the cell walls (i.e. >300 °C; Scott 2000, 2010).   
 
5.2. X-ray diffraction 
X-ray diffraction shows the Great Dirt Bed material from Fossil Forest and Wakeham East (Figure 5.7) 
to be composed mainly of calcium carbonate, silica and clay. 
 
 
5.3. RockEval 
RockEval hydrogen index (HI) vs oxygen index (OI) data show the palaeosol organic matter to be type 
IV kerogen, while S2 results reveal almost no hydrocarbon generation potential (Espitalie et al. 1977) 
Figure 5.7.   XRD spectrum of Fossil Forest palaeosol. The broader peaks are clay. 
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(Table 5.2). The positions of the samples are shown on a modified van Krevelen diagram in Figure 
5.8.  
Table 5.2. Total organic carbon and RockEval data for the palaeosols and lignite.  
Locality Horizon TOC 
wt. % 
Tmax 
°C 
S1 
mg/g 
S2 
mg/g 
S3 
mg/g 
HI OI 
Kingsbarrow Qry GDB 1.90 421 0.02 0.26 1.56 13.7 82 
Wakeham East GDB 2.43 424 0.05 0.28 4.54 11.5 187 
Tout Quarry GDB 0.99 433 0.03 0.28 1.88 28.3 190 
Fossil Forest* GDB 3.47 430 0.04 0.41 2.41 12 69.5 
Tout Quarry LDB 0.99 326 0.03 0.26 2.73 26.3 276 
Tout Quarry BDB 1.20 421 0.06 0.39 2.03 32.5 169 
Wealden Lignite Wealden 53.46 427 0.22 9.03 68.06 17 127 
*Average of 2 samples 
 
 
Figure 5.8.   Modified van Krevelen diagram showing the positions of the Jurassic palaeosols and Wealden 
lignite. All plot below the Type III and into the Type IV region (very low hydrogen index). 
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Figure 5.9.   Scanning electron micrographs of charcoals. A Fusain from the Fossil Forest at Lulworth Cove. 
Homogenization of the cells walls appears to be complete. B Longitudinal section of fusain from the Great Dirt 
Bed at Wakeham East, showing tracheid cells with pits (upper centre). C Cross-section across a portion of 
Wakeham East fusain. As with the Fossil Forest example, the cell walls appear to have been completely 
homogenized by heating. D Cross-section of experimentally-produced pine charcoal. There is no indication of 
preservation of the cellular layers. E Lignite from the Wealden of Mupe Bay, Dorset. No cell detail is preserved, 
the wood instead being amorphous and glassy in appearance. Scale bar widths A-D = 10 µm, E = 200 µm. 
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5.4. Solvent-soluble organic compounds 
5.4.1. Extractable organic matter 
Solvent extracts were strongly coloured, and subsequent fractionation revealed this to be due 
largely to polar compounds. It must be noted that it is possible that the prevalence of modern plants 
around the sampling localities has partly compromised biomarker signals in the solvent soluble 
fraction. Indeed, grasses and lichens grow readily on the Great Dirt Bed outcrops (Figure 5.5). 
Penetration of roots along with groundwater flow may have overprinted some of the original 
compound distributions with modern organic components. 
 
5.4.2. Aliphatic organic matter 
The total ion current (TIC) chromatogram for the aliphatic fraction of the Fossil Forest palaeosol is 
dominated by C22-C30 n-alkanes with a strong odd-over-even dominance; the odd-to-even 
predominance index (Index 5.1) gives a value of 4.05 (OEP index from Peters et al. (2005), modified 
from Scalan and Smith (1970)). Together with an n-alkane mode at C27, these features indicate 
substantial input from higher-plants.   
 
 
The low relative abundance of pristine relative to phytane (ratio of 0.9 based on peak areas from 
m/z 57 extracted ion) can be explained by contributions of phytane from halophilic Archaea living in 
the hypersaline lagoon conditions at the time of deposition (ten Haven et al. 1987). 
   
Index 5.1.   Odd-to-even predominance index (OEP) for n-alkanes. Peak areas from extracted m/z 57 ions were 
used. 
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5.4.3. Aromatic organic matter 
The highly condensed parental polycyclic aromatic hydrocarbon (PAH) coronene could be tentatively 
identified in the aromatic fractions of all the soils, except for the Great Dirt Bed at Tout Quarry. Most 
of the palaeosols had few or no low molecular weight aromatic compounds.  
Parental PAHs are generally accepted indicators of biomass burning (e.g. Killops & Massoud 1992). 
Yet, PAHs in modern soils have been analysed for their structural and stable and radioactive carbon 
isotopic composition to reveal significant inputs from modern pyrolysis processes (Lichtfouse et al. 
1997). Air fall from combustion of fossil fuels and residual contributions from vegetation fires can all 
contribute to the aromatic fractions of surface materials. Hence, discriminating between ancient and 
modern PAH inputs may be problematical. However, the low PAH content of most palaeosols 
suggests a limited contribution from modern sources in these coastal sampling locations. Only the 
example from the Fossil Forest locality displayed significant PAH contents. It is likely, therefore, that 
the Fossil Forest PAHs are derived from Mesozoic processes.   
The distribution of PAHs in the palaeosols, biased towards higher molecular weight components, is 
entirely what would be expected due to weathering and water washing (Marynowski & Simoneit 
2009) suggesting extensive reworking of the Mesozoic partial combustion products. Such an 
interpretation would be entirely in keeping with the shallow marine depositional setting where the 
more water soluble lower molecular weight PAH could be easily transported away.  
Other compounds of note include diisopropylnaphthalenes from the Fossil Forest locality. These 
compounds have been described as not naturally-occurring, and they are not often reported in the 
geochemical literature (George et al. 2010). They may originate from the environment the sample 
was collected in, or from subsequent storage. However, these compounds bear structural similarities 
to some higher plant biomarker terpenoid-type compounds such as cadalene and retene, and it is 
possible they may ultimately derive from these sources. Despite this, the former explanation seems 
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more likely, given the widespread use of mixtures of isomers of these compounds in common 
materials such as printed paper and cardboard packaging materials (Sturaro et al. 1994; Terasaki et 
al. 2008; George et al. 2010).  The aromatic fractions, therefore, indicate inputs from higher plants 
often transformed to their pyrolysis products during Mesozoic forest fires and winnowed and 
weathered to remove low molecular weight products in the water-rich shallow marine depositional 
setting.  
 
5.5. Pyrolysis 
5.5.1. Pyrolysis products of palaeosols  
Pyrolysis GC-MS analysis of the bulk palaeosols revealed a dominantly aromatic character 
characteristic of type IV kerogen (Larter & Senftle 1985). Benzene, toluene, styrene, naphthalene 
and alkylated derivatives are present in all samples (Figure 5.10). The similarity of pyrolysis products 
from all palaeosols suggests either common inputs or a universal homogenisation process.  
The distribution of alkylbenzene isomers in the chromatograms differs between the Great Dirt Bed 
samples and the Lower and Basal Dirt Beds. In the Great Dirt Bed, o-, m-, and p-dimethylbenzene 
peaks are prominent, along with 1,2,4- and 1,2,3-trimethylbenzenes. These peaks are not as 
prominent in the Lower and Basal samples. Hartgers et al. (1994) assigns the origin of 1,2,3-
trimethylbenzene and m- and p-dimethylbenznenes to non-aromatic carotenoids such as β,β 
carotene. The origin of 1,2,4-trimethylbenzene is assigned to plastoquinones, which are present in 
algae and cyanobacteria and are involved in the process of photosynthesis. Hartgers et al. (1994) 
further suggest that anoxic conditions reduce the plastoquinones, forming the 1,2,4-substitution 
pattern. These observations suggest that photosynthetic microbes made a significant contribution to 
the palaeosols. They may have been present originally in the soil profile, or they were introduced 
after surface flooding and growth of algal mats.   
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Common organic sulphur compounds include thiophenes and thienothiophenes. Oxygenated 
compounds include phenol and benzofuran, which would be expected from lignin source material. 
Nitrogen-containing compounds also occur in all samples, which is not typically the case for 
kerogens. The principal source of nitrogen in biological materials is proteins, which are normally very 
quickly biodegraded in the early stages of deposition and diagenesis. Benzonitrile occurs in all 
Figure 5.10.   Total ion chromatograms for the pyrolysis of the bulk palaeosols. The alkene/alkane doublets 
(filled diamonds) form a larger proportion of the total pyrolysates in the Lower and Basal Dirt Beds. All of the 
Great Dirt Bed chromatograms are quite similar; in particular the two double peaks of the dimethylbenzenes 
and 1,2,3- and 1,2,4-trimethylbenzenes stand out. They are less apparent in the Tout Quarry Great Dirt Bed 
sample. B = benzene; T = toluene; C2B = C2 alkylbenzenes; C3B = C3 alkylbenzenes; St = styrene; BF = 
benzofuran; BN = benzonitrile; N = naphthalene; MN = methylnaphthalenes; filled diamonds = alkene/alkane 
pairs. 
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samples, and the Basal Dirt Bed in particular shows proportionately large responses for 
methylbenzonitrile or benzylnitrile (the mass spectra are very similar and difficult to distinguish with 
confidence) and benzenepropanenitrile. The presence of benzonitrile and related compounds 
suggests that there was a preservation event that altered the protein to a form that was stable over 
geological time. The pyrolysis chromatograms of the charcoals (Section 4.5.3) show that that 
benzonitrile is a significant component, indicating that the benzonitrile in the bulk palaeosol 
pyrolysates originates from the charcoals. The charring of plant materials by wildfire converted the 
nitrogen groups in the proteins to benzonitrile, which is a very stable moiety.  
A series of alkenes are present in all samples, and they form a larger proportion of the total 
pyrolysates in the Lower and Basal samples than in the Great Dirt Bed samples. n-Alkene/alkane 
doublets indicate that pyrolysis is accessing an aliphatic biopolymer and given the other source 
indicators this is most likely to be derived from cuticular materials.  The n-alkene/alkanes  produce a 
unimodal distribution peaking around C10. These shorter alkanes are distinct from the dominant C23+ 
distribution observed in the solvent extracts. It is possible that the low molecular weight of these 
aliphatic units reflects the partial combustion process and subsequent weathering that produced the 
Type IV kerogen. 
 
5.5.2. Vertical and lateral variation  
To examine vertical variation in organic inputs, samples of each of the three Dirt Beds were taken 
from a single locality at Tout Quarry, Isle of Portland. The pyrolysis chromatograms for these 
samples produced broadly similar responses, suggesting that the nature of the soils did not vary 
substantially between cycles of regression and transgression. However, subtle variations in pyrolysis 
products can be recognised. For instance the Lower and Basal Dirt Beds appear to have a less 
aromatic character and greater responses for alkane and alkenes than the younger and thicker Great 
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Dirt Bed. It is possible that the aromatic:aliphatic nature of the palaeosols reflect the duration of 
exposure and therefore extent of weathering experienced by the organic materials present.  
Alternatively, the aromatic character of the beds may reflect source input. It can be seen from Figure 
5.10 that di- and tri-methylbenzenes are dominant responses in the chromatograms of the Great 
Dirt Beds, and they are much less obvious in the Basal and Lower Dirt Beds. These structures may 
originate from algal carotenoids or from degraded lignin. Thus, the apparent enhancement of 
aliphatics in the Basal and Lower beds may reflect an absence of this aromatic input; for instance if 
the forests or algal mats were less developed in these environments. Francis (1984) has stated that 
the lithology of the Dirt Beds can change substantially over lateral distances. To assess whether the 
organic chemical characteristics of the beds also changes laterally, samples of the Great Dirt Bed 
were collected from various locations (Figure 5.3). Pyrolysis gas chromatograms of the Great Dirt 
Bed from different localities (Figure 5.10) are again similar in appearance. However the high TOC %, 
from the Great Dirt Bed at the Fossil Forest locality indicates a greater concentration of plant 
material in the palaeosol suggesting that this area was an important organic matter depocentre 
during Purbeck times. 
 
5.5.3. Pyrolysis of fusain  
Analysis of picked fusain particles allows the charcoal component of the bulk palaeosol signal to be 
identified. Pyrolysis of fusain from the Great Dirt Bed at the Fossil Forest and Wakeham East 
localities gave only simple aromatic products, mainly benzene, naphthalene, and toluene, typical of 
fusain material (e.g. Kruge et al. 1994). At Kingsbarrow Quarry, there is a larger relative response for 
toluene, xylenes, phenol and methylphenols (Figures 5.11 and 5.12).  
The fusain samples have been shown to be chemically distinct from similar plant materials preserved 
as lignite; the Wealden lignite pyrolysis gas chromatogram is dominated much more greatly by 
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phenol and alkylphenols, together with lesser responses for methoxybenzenes, furans, and nitrogen-
containing aromatic compounds (Figure 5.12).  
 
 
 
 
Overall, the geochemical composition is as expected for lignite (Sigleo 1978; Hatcher et al. 1988; Nali 
et al. 1994). Cadalene (m/z 183, 198), a generic higher plant biomarker is also present. Lignite can be 
readily distinguished from charcoals using simple light or SEM microscopy, since the cellular 
structure is not preserved in the former (Figure 5.9). 
Figure 5.11.   Total ion chromatograms of selected coal and charcoal samples with key responses labelled. 
Clear differences between the type III coals (left side) and charcoals (right side) are apparent. The charcoal 
traces highlight the differences between freshly-made charcoal, charcoal preserved in oxygen-poor 
environments (Fairlight 1) and charcoal preserved under oxic conditions (Fossil Forest).  B = benzene; C2B = C2 
alkylbenzenes; T = toluene; St = styrene; Ph = phenol; MPh = methylphenol; DMPh = dimethylphenol; N = 
naphthalene; MN = methylnaphthalenes; C2N = C2 naphthalenes; C3N = C3 naphthalenes; P = phenanthrene; 
An = anthracene; MP/A = Methyl-phenanthrene or –anthracene; DBF = dibenzofuran; DBT = 
dibenzothiophene; BP = biphenyl; G = guaiacol; 4-MG = 4-methyl-guaiacol; Cat = catechol; V = vanillin; R = 
retene 
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The pyrolysis chromatogram of the artificial charcoal is dominated by phenols, catechol and 
methoxyphenols (Figure 5.11). The presence of these species shows that complete aromatization 
and charring has not occurred. The Fairlight 1 and 2 samples are similar to each other, and display a 
greater proportion of alkylated pyrolysates than the palaeosol examples (Figures 5.11 & 5.12). 
Fairlight 3 is dominated by a large sulphur peak, but the earlier-eluting pyrolysates are simple 
Figure 5.12.   Total ion chromatograms of the lignite and ancient charcoals. The lignite is dominated by 
phenols, which are relics of the original lignin structure of the wood. Fairlight 2 is similar to Fairlight 1. 
Wakeham East, like the Fossil Forest fusain, is highly refractory and produces only small responses for benzene 
and naphthalene. The Kingsbarrow fusain, conversely, shows a stronger response for phenols. B = benzene; T 
= toluene; C2B = C2 alkylbenzenes; C3B = C3 alkylbenzenes; Ph = phenol; MPh = methylphenol; N = 
naphthalene; MN = methylnaphthalene; C2N = C2 alkylnaphthalenes; Cad = cadalene; DBF = dibenzofuran; S = 
sulphur; P = phenanthrene; An = anthracene.   
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condensed aromatics, similar to the palaeosol fusain.  SEM imaging of the palaeosol charcoals shows 
that morphological biological features are preserved, whereas there are relatively few pyrolysate 
biomarkers. 
Analysis of the separated charcoal fraction of the palaeosols has shown that they contribute mainly 
condensed aromatic species and benzonitrile responses to the chromatograms of the bulk 
palaeosols. Most of the phenolic compounds present in the structure of partially charred modern 
materials appear to have been lost over time, leaving only an aromatic skeleton.   
 
5.5.4. Pyrolysis of coals 
Humic coals have had occasional employment as analogues for meteoritic material (Murae 1994; 
Quirico et al. 2003; Bonal et al. 2007), in addition to the extensive detailed work in the literature to 
characterise these economic rocks (e.g. van Grass et al. 1980; Metcalf et al. 1987; Hatcher et al. 
1988; Nip et al. 1992). Pyrograms of the three coals are shown in Figure 5.11. The lignite pyrogram is 
dominated by phenol and methylphenols, which comes from the remnants of lignin structural units 
within the polymer (Figure 5.12). The LVB-A and HVB-A produced broadly similar pyrograms. As for 
the lignite, they are dominated by phenolic components, with benzene and naphthalene occurring 
as only minor components, contrary to the typical distributions in CI1 and CM2 chondrites. As the 
rank, or thermal maturity, of the coalified plant material increases, certain systematic changes occur 
in the chemical composition and structure (Hatcher et al. 1988). Phenols and methoxyphenols are 
common in peats and lignite, and these are defunctionalised, leading to aromatic alkylbenzene 
groups in higher rank materials. Phenols can also become condensed into furans at higher maturities 
(Killops & Killops 2005). The organic matter from the palaeosols is immature (low TMax values) and 
has therefore not experienced deep burial.  
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5.5.5. Synthetic carbon black 
Py-GC-MS of synthetic carbon black showed no significant products of pyrolysis, except an 
unresolvable complex mixture with some alkanes, which are presumably a result of the 
manufacturing process. This sample was analyzed using a split ratio of 25:1; splitless mode might 
allow the detection of some aromatic products, however the yield from relatively large quantities of 
sample is low due to the inert nature of the material. Similar masses of isolated meteoritic 
macromolecular material would give readily detectable responses. 
 
5.5.6. Comparison with meteorites 
Full pyrolysis-GC-MS results for the carbonaceous chondrites are presented in Chapter 3. Py-GC-MS 
of CI1 and CM2 meteoritic material released a suite of low-molecular weight aromatics, with 
naphthalene representing the major response from a single compound. 3 and 4-ring polycyclic 
aromatic hydrocarbons (PAHs) are produced in much smaller amounts. Heteroatom-containing 
compounds including benzonitrile, thiophenes and phenols are also typically detected.  
Extracted ion chromatograms of the Fossil Forest palaeosol show that there are no 3-ring or 4-ring 
PAHs present. Hence the palaeosol data reveal a narrower mass range compared to Murchison. 
However, the overall palaeosol responses were not as strong as those for the meteorite samples and 
3- and 4-ring aromatics may be present but below the level of detection. This suggestion is 
supported by a single step 750 °C py-GC-MS analysis where 3 and 4-ring aromatics were detectable 
in the Fossil Forest sample; the higher temperature step clearly liberating more units from the 
presumably tightly bound organic network. Interestingly, phenols seem to be a only a minor 
component in the kerogen pyrogram. In coals, phenols and their alkyl derivatives are common 
diagenetic products of lignin. The loss of phenols must be related to the mechanism of formation 
(combustion, oxidation and /or weathering) for the highly degraded kerogen within the palaeosols. 
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The Great Dirt Bed was chosen from the three palaeosols as being most representative as a 
meteoritic material analogue, and from the four samples taken from this horizon, the Fossil Forest 
was chosen since it produced the greatest responses and hence signal-to-noise ratio for individual 
compound responses. Detailed pyrograms from the Fossil Forest locality and Murchison (CM2) are 
shown in Figure 5.13. The GC-MS response for pyrolysates from the palaeosol was found to be 
significantly lower than those from the chondrites, for approximately equal amounts of sample 
pyrolysed. As such, the scale for the palaeosol pyrolysis gas chromatogram in Figure 5.13 has been 
scaled up by a factor of 5. It can be seen that the two macromolecules produce qualitatively similar 
programs with both samples dominated by aromatic compounds. Key differences include the slightly 
aliphatic nature of the palaeosol kerogen as indicated by the presence of alkene/alkane doublets.  
Also, a trimethylbenzene pair (1,2,4- and 1,2,3-trimethylbenzene) is notably enhanced in the 
palaeosol pyrolysis products compared to Murchison. These enhancements reflect relict biological 
structures and are probably from carotenoids (Hartgers et al. 1994), although it should be noted that 
trimethylbenznenes are less useful as a marker for carotenoids than tetramethylbenzenes. 
Naphthalene is also reduced in the palaeosol kerogen relative to the meteorite macromolecular 
material. Both macromolecules release thiophenes including benzothiophene. A set of comparative 
compound ratios for the two samples is listed in Table 5.3. 
Despite ultimately originating from very similar land-plant-dominated materials, coals are less like 
meteoritic macromolecular materials than the palaeosol kerogens. Compared with the meteorites 
and palaeosols, the bituminous coals have a much wider diversity of aromatic compounds, which 
extend to greater ring sizes typical for the other samples. The coals also retain significant aliphatic 
character, illustrated by the regularly-spaced series of n-alkanes, particularly for HVB-A. The coals 
also have a large unresolvable complex mixture (UCM) of co-eluting compounds, which is not a 
feature of pyrolysis gas chromatograms of meteorites or palaeosols. It appears that the combustion 
and weathering processes that generate the palaeosol kerogens are required to largely eradicate the 
residual biological signatures from fossil land plant materials and eventually produce an effective 
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meteorite macromolecular material analogue. The very high rank coal, anthracite, was also an 
inappropriate meteorite macromolecular material analogue and was revealed to be almost entirely 
graphitic in nature, producing very low yields upon pyrolysis at 600°C. Identified products include 
toluene, naphthalene, methylnaphthalenes, and biphenyl. However, it is possible that anthracite 
could be used to mimic the nature of some higher petrographic type meteorite carbonaceous 
materials. 
Table 5.3.     Comparison of some common compound ratios, showing similarities and differences between 
Murchison and the Fossil Forest palaeosol. Values are taken from the 600 °C single step chromatograms. DMB 
= dimethylbenzene. 
 
Compound ratio Murchison Palaeosol 
2-methylnaphthalene (m/z 142) / 1-methylnaphthalene (m/z 142) 1.53 0.85 
(m-DMB (m/z 106) + p-DMB (m/z 106)) / o-DMB (m/z 106) 2.11 1.83 
Styrene (m/z 104) / ∑ DMB (m/z 106) 1.55 0.43 
Naphthalene (m/z 128) / methylnaphthalene (m/z 142) 2.74 1.07 
Phenol (m/z 94) / Methylphenol (m/z 108) 4.05 13.30 
Phenanthrene (m/z 178) / Anthracene (m/z 178) 5.01 - 
Naphthalene (m/z 128) / Biphenyl (m/z 154) 5.59 4.82 
Naphthalene (m/z 128) / Benzothiophene (m/z 134) 2.97 1.18 
 
 
5.5.7. Multistep pyrolysis 
Having identified a potential analogue in the palaeosols, the Great Dirt Bed sample from the Fossil 
Forest was subjected to sequential multistep pyrolysis alongside Murchison (Figure 5.14) to reveal 
further similarities and differences between the two samples (e.g. Bandurski & Nagy 1976; Horsfield 
1989). It can be seen that meteoritic organic material is more susceptible to degradation at lower 
temperatures. A comparison of the key compounds present in each temperature step for each 
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sample is given in Table 5.4. At 350 °C, there are no compounds released from the Fossil Forest 
kerogen, whilst a small adsorbed fraction of hydrocarbons in Murchison is released. At 450 °C, the 
pyrolysis gas chromatogram of the palaeosol appears similar to that of the meteorite at 350 °C. 
However there are some qualitative differences and at 450 °C the palaeosol releases alkylbenzenes 
and benzene, whilst the 350 °C step of Murchison has naphthalene, benzaldehyde, and styrene as 
the main responses. The Murchison pyrolysis products at 450 °C are essentially the same as those 
R
e
s
p
o
n
s
e
 
Figure 5.14.   Side-by-side comparison of the total ion chromatograms at each temperature step for 
Murchison and the Fossil Forest Great Dirt Bed palaeosol. B = benzene; BN = benzonitrile; N = naphthalene. A 
comparison of the compounds present at each stage is given in Table 5.4. 
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observed at 600 °C. The 600 °C step was able to cleave the C-C bonds in both samples, and this 
temperature step provides the widest range of pyrolysis products in both samples. A further step at 
750 °C shows that both samples have a core sub-graphitic macromolecular component indicated by 
dominant responses reflecting benzene and naphthalene. Table 5.4 reveals the basic pyrolytic 
behaviour of the two samples. The kerogen is thermally more stable, only producing compounds by 
450°C, and the molecular weight of released compounds increases with increasing flash 
temperature. On the other hand, Murchison shows much more varied behaviour, and although the 
lower temperature steps have lower responses, many high molecular weight compounds are 
released at these steps, including naphthalene and phenanthrene. This reflects the much more 
varied organic composition of meteorites, illustrating their complex histories and lack of significant 
processing that in the case of the kerogen, results in systematic behaviour under stepped pyrolysis. 
Both samples in this comparison show benzonitrile at 750 °C. As discussed in Chapter 3, nitrogen-
containing groups are an important part of the meteoritic macromolecular structure, and it is useful 
to also have these groups in analogue materials. The benzonitrile in the palaeosol may be formed by 
the pyrolysis of amine or amide groups, or may have already formed as a result of pyrolysis during 
the wildfire. Kaal et al. (2009) report that in sequential pyrolysis runs of charcoal (750 °C then 1000 
°C), aromatic nitrile compounds were enriched in the higher temperature run (termed non-
pyrolysable residue). This behaviour matches that of the palaeosols, and also of the meteorites 
(Chapter 3, and Figure 5.14), which suggests that the nitrogen is bound within the macromolecular 
structure in the same manner in all three sample types. As noted by Kaal et al. (2009), nitrogen K-
edge XANES would help to determine the habit of nitrogen, and this has already been performed for 
some meteorites, revealing aromatic nitrogen in pyridine, pyridine and pyrrole rings (Ehrenfreund et 
al. 2002). In addition 15N NMR of the meteoritic macromolecule showed that nitrogen was mainly in 
heterocyclic rings (Remusat et al. 2005b; Derenne & Robert 2010).  In the context of the analogue 
material, these N-containing rings are also formed by thermal alteration of plant material, as 
determined by 15N NMR (Almendros et al. 2003). Even though some ambiguities remain over the 
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precise nature of nitrogen in black carbon materials and meteorites, it nevertheless remains that 
significant benzonitrile and related compounds are recoverable by pyrolysis. Identification of an 
analogue that displays this feature is therefore crucial.  
 
Table 5.4.   Summary of pyrolysis products from the meteorite and palaeosol during multi-step pyrolysis. 
Higher molecular weight pyrolysates may be being released from the palaeosol kerogen in quantities below 
the limit of detection. 
 
Compound Murchison  Fossil Forest Palaeosol 
 350 °C 450 °C 600 °C 750 °C  350 °C 450 °C 600 °C 750 °C 
Benzene          
Toluene          
Methylthiophene          
C2-alkylbenzenes          
C3-alkylbenzenes          
C4-alkylbenzenes          
Styrene          
Benzaldehyde          
Phenol          
Benzofuran          
Benzonitrile          
Naphthalene          
Benzothiophene          
Methylnaphthalene          
Biphenyl          
Phenanthrene          
Anthracene          
Dibenzofuran          
Dibenzothiophene          
Pyrene          
Fluoranthene          
 
 
5.6. Fourier Transform-Infrared Spectroscopy 
Guo & Bustin (1998) examined a range of charcoals that had been subjected to various heating 
regimes using FT-IR spectroscopy, and found that the spectrum characteristics were affected by 
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heating duration and temperature, with an increase in aromatic response with increase in both of 
these parameters, along with a reduction in C=O and aliphatic responses. 
FT-IR spectra for the picked fusain, lignite and artificial charcoal are shown in Figure 5.15. Due to a 
lack of sample and the low yields, fusain was not recovered from the Basal Dirt Bed sample.  Despite 
careful picking, sediment particles remained intimately associated with the tiny fragments of 
charcoal and are impossible to effectively separate. As a result, calcium carbonate, silica and 
Figure 5.15.   FT-IR spectra for the palaeosol fusains, artificial charcoal, and lignite. Although the Fairlight 
fusain was also analysed, the response was poor, and was possibly due to incomplete contact of the crystal 
with the sample, despite a repeated measurement. Full peak assignments are given in Table 5.5. Key features 
are: A the aromatic response at around 1600 cm-1, present in all samples. B  -OH stretching 3320-3400 cm-1. C 
2800-3000 cm-1 aliphatic CH2 and CH3. D 1700 cm
-1 C=O. E 1390 cm-1 calcium carbonate. F 1030cm-1 clay. G 
875 cm
-1
 calcium carbonate.   
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probable clay peaks overprint the charcoal signal for some of the samples, particularly the Tout 
Quarry LDB and GDB. These two fusain samples were thus discounted from all further analyses and 
are not shown, since the clay will contain non-fusain kerogen. Smaller calcium carbonate peaks are 
present in Wakeham East GDB and Fossil Forest GDB. For Kingsbarrow Quarry and Wakeham East,  
 
Table 5.5. Band assignments for the fusain samples, using wavenumber assignments from pure mineral 
standards, Painter et al. (1981) and Guo and Bustin (1998).  
Wavenumber cm-1 Peak assignment 
 
3320-3400 -OH stretching 
2800-3000 CH2 and CH3  
1700 C=O 
1600 C=C 
1420-1430 Aromatic C=C ring stretching 
1390 CaCO3 
1250-1270 Aromatic CO- and phenolic –OH stretch 
1070 Silica 
1030 Clay 
875 CaCO3 
770-800 Silica 
710 CaCO3 
695 Silica 
 
the fusain occurred as discrete robust fragments and was more easily separated. Acid maceration of 
larger quantities of matrix might help to separate organic particles in these cases, however, this risks 
modification of the organics themselves. The Wealden lignite is effectively pure; however the broad 
‘tail’ at low wavenumbers shows that some mineral phases are still present. There are a number of 
key features evident in the spectra which provide information on the organic component. The broad 
peak at 3400-3320 cm-1 can be attributed to –OH stretching, which is most likely from water bound 
within the structure, along with phenols. The prominent peak at around 1600 cm-1 is assigned to 
aromatic C=C stretching, and is present in all samples. The peak at 1700 cm-1 is C=O, although the 
exact bond relationship (carboxyl or carbonyl) cannot be determined. This peak occurs as a shoulder 
on the C=C aromatic peak at 1600 cm-1, and is prominent in the artificial charcoal, and to a lesser 
extent in the lignite. Also in these two samples is a small peak at 2800-3000 cm-1, which is from 
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aliphatic CH3 and CH2 groups. The presence of aliphatic and C=O groups in these samples confirms 
that they are not as extensively degraded as the palaeosol charcoals. Generally spectra are 
uncomplicated and do not possess the range of peaks found in charcoals formed at lower 
temperature (Guo & Bustin, 1998). 
 
5.7. Comparison of FT-IR spectra of kerogens with meteorites 
Although FT-IR spectra were not gathered from the meteorites, there are examples available in the 
literature which allow for some simple comparisons. Murae (1997) compared the FT-IR spectra of a 
range of coals and macromolecular material from Allende and Murchison (among others), and noted 
the broad band at 1600 cm-1 indicative of aromatic materials. Similar observations were made by 
Ehrenfreund et al. (1991) in extracts from Orgueil (Figure 5.16). These meteoritic spectra show some 
very general similarities to terrestrial coals and kerogens in terms of the aromatic structure.  
 
 
 
Murae (1997) found ‘relatively high mature’ vitrinite was the closest FT-IR match to organic 
carbonaceous chondrite material. Some of the band features in the charcoals and lignite that were 
measured in this study bear some basic similarities to the meteoritic spectra. However, there are 
Figure 5.16.   FT-IR spectrum of extracted carbonaceous macromolecular material from Orgueil (taken from 
Ehrenfreund et al. 1991). There are some similarities with the lignite (type III) and charcoal samples (Figure 
5.15); in particular the aromatic band at around 1600 cm-1 and the –OH stretch at 3430 cm-1. 
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some limitations with FT-IR when trying to identify the precise nature and environment of the 
bonds.  
 
5.8. Results summary 
The palaeosols contain two groups of organics: first, disseminated refractory macerals which make 
up the bulk of the response. These are presumably from woody tissues and oxidized resins. The 
second is rare fusain (fossil charcoal), which was found to be highly condensed and aromatic, having 
lost its functionalised and branched groups in partially charred material to the effects of oxidation 
and microbial breakdown. Oxidation of the kerogen is advanced; the lignite and coals show large 
responses for lignin and other biopolymeric pyrolysates, whereas the lignin macromolecule in the 
type IV kerogen is now almost unrecognizable and completely degraded.  
 
6. Discussion 
6.1. Carbon black 
Attempts to analyse synthetically-generated carbon black (soot) in 25:1 split GC mode showed no 
significant aromatic py-GC-MS response even for relatively large sample sizes (~0.7 mg pure sample). 
These amounts greatly exceed those typically present in 1-2 mg aliquots of powdered chondritic 
rock. However, these materials should not be dismissed entirely. The mechanism by which soots 
form, hydrogen abstraction-acetylene addition (Morgan et al. 1991; Frenklach 2002), is believed to 
be the same mechanism by which aromatic molecules are generated by carbon stars, and may thus 
be more representative of precursor organic compounds present in the early Solar System. Indeed, 
soot and coals have been put forward as analogues for interstellar dust, which is examined by 
remote spectroscopy (Papoular et al. 1989; Jäger et al. 2008). Experimental work on these graphitic 
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materials, including thermal and hydrothermal processing and interaction with catalytic minerals, 
could provide insights into development of meteoritic organics as it was incorporated into parent 
bodies.   
 
6.2. Terrestrial kerogens 
Terrestrial kerogens perhaps provide the best potential analogue since they have been exposed to 
heat, pressure and aqueous regimes over geological timescales that cannot be replicated in the 
laboratory, and are most similar to the processes that took place on the parent bodies.  The type IV 
kerogen, whilst providing a reasonable match for type 1 and type 2 carbonaceous chondrite 
macromolecular organic material, has obviously been formed by very different mechanisms. The 
precursor material would have been largely higher plant material, with perhaps a smaller 
component from microorganisms resident in the soil profile. The exact macromolecular composition 
and structure of the kerogen will depend on the makeup of the initial vegetation and subsequent 
diagenetic history. Lignin would be the primary refractory biomolecule which would have persisted 
throughout the extensive microbial degradation and oxidation as the materials were incorporated 
into the soil profile in the semi-arid environment. The advanced oxidation of the organic material is 
the key process that removes its dominant biotic molecular characteristics and makes it suitable as 
an analogue. Organic material preserved in anoxic sediments would retain an unacceptably large 
proportion of biomolecules and thus be unsuitable.  
 
6.3. Meteorites 
On the other hand, meteoritic macromolecular carbon was likely formed from polymerisation and 
condensation of small units generated by carbon stars and chemistry in molecular clouds, in addition 
to contributions from other synthetic mechanisms in the accretionary disc. This material was 
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incorporated into accreting rocky masses and was then subject to heating by radioactive decay of 
short-live nuclides and impacts together with hydrothermal alteration within the asteroid.  
 
6.4. Palaeosol kerogen, its environment and mechanism of formation 
Despite these great differences in formation mechanisms, the Type IV kerogen and meteoritic 
organics nevertheless have resultant organic frameworks which are qualitatively similar.  
For effective comparison between analogues and meteorites, some understanding of the formation 
and history of the analogue material is necessary (Figure 5.17). Despite the dark appearance of the 
soils at outcrop, there is relatively little apolar organic material that can be readily analyzed. 
Microbial and fungal degradation are likely to have quickly acted upon fallen plant materials before 
they could be incorporated in the soils. The preservation of organic chemical signals from ancient 
charcoal materials in sediments depends upon 1) the degree of alteration caused by initial heating in 
the natural wildfire 2) the degree of oxidation and degradation that the material experienced before 
and during incorporation into its host sediment 3) the effects of analytical heating. The type of 
wildfire would be the main controlling factor in the first instance. Short-duration ground fires that 
were limited to low lying vegetation and fallen branches are responsible for the occurrence of 
charcoal in the palaeosols. These fires would have quickly consumed thinner twigs and brush, but 
would have left the main trunks with only superficial damage to their exteriors (Francis 1984; Harris 
1958). Low intensity ground fires would not reach high temperatures for sustained periods, and thus 
a significant fraction of the original biopolymer should be expected to be identifiable. The 
experimentally-produced pine charcoal is regarded as a model for the original product of ground 
wildfire in the Jurassic. However, extensive oxidation, microbial breakdown and reworking from 
exposure in the arid soils would have degraded these materials, resulting in a more condensed 
aromatic fusain. In contrast, the Cretaceous Fairlight Clay 1 and 2 samples show a much richer 
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variety of alkylated species and lignin-derived phenol groups, demonstrating superior chemical 
preservation as a result of deposition in a less oxic environment. This is not the case in the Fairlight 3 
sample, and is probably a reflection of deposition under more oxic conditions. This is perhaps 
explained by the clay lithologies that samples 1 and 2 were preserved in, and the sandy bed that 
Sample 3 was found in.  
Bird et al. (1999) recorded the effects of degradation of charcoal in soils and found that 
incompletely-charred material is broken down quickly in aerated soils, on decadal timescales. In 
addition, Kaal et al. (2009) found that the variety of organic compounds released from charcoals by 
py-GC-MS decreased with increasing depth in a soil profile, and the proportion of condensed 
aromatic pyrolysis products increased since this is the portion of the macromolecule that survives. 
The Fairlight Clay samples 1 and 2 are thus representative of an intermediate step, with partial 
breakdown of the lignin, whereas the palaeosol fusain from the Fossil Forest and Wakeham East 
localities has completely degraded. Even at 750 °C, pyrolysis response is poor. Conversely, at 
Kingsbarrow Quarry, the Great Dirt Bed fusain shows more phenolic character and better GC-MS 
response, indicating that localised depositional conditions can conspire to preserve chemical 
features in some instances, perhaps in boggy ground. 
It has been shown therefore, that the most complete chemical fingerprinting of charcoal materials 
by py-GC-MS comes from those which have been rapidly buried after the fire event, from washing of 
the materials off fire-damaged forest hillsides into fluvial or near-shore sediments. Fusains buried 
under oxidizing conditions produce pyrolyzates with fewer functional groups and a much lower 
degree of alkylation, and therefore cannot be used as an indicator of fire intensity (cf. Kaal et al. 
2008, 2009; Kaal & Rumpel 2009). Analysis of sediment-preserved charcoal has advantages in that 
deposits contain larger amounts of macroscopic material than is typical for palaeosols, which allows 
single samples to be sub-divided for different analyses and identification by light or SEM microscopy. 
The tiny individual grains picked from the palaeosols precluded this. The effects of burial history on 
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the charcoals may also impact the results (e.g. Sigleo 1978). Burial at significant depth may thermally 
alter the charcoal to an extent beyond that originally experienced during the wildfire. 
 
Figure 5.17.   Sketch reconstruction of the environment that led to the preservation of the fossil soils. 
Exposure to the arid climate, and charring of vegetation by wildfire ignited by lightning strikes, resulted in an 
organic inventory that shares many attributes with abiotic organics. After the forests were drowned, algal 
mats helped to preserve the remains of the conifers. Not to scale. 
 
6.5. Strengths and weaknesses of the potential analogues  
It cannot be expected that an analogue will provide a perfect match. For instance, biases in the 
distribution of particular structural isomers will continue to reflect a biological origin (Chapter 6). 
Despite, this, the analogue reflects all the key compound classes present in the meteoritic material. 
Benzene, naphthalene, and their alkylated derivatives along with sulphur, nitrogen, and oxygen 
containing aromatics are present in both. Multistep pyrolysis highlights the structural differences 
between the kerogen and meteorite macromolecule, with the first release of organics, whether 
desorbed or bound, from the kerogen requiring a higher temperature (450 °C) than the meteorite 
macromolecule (350 °C). The products released at this lower temperature step also differ. At 600 °C, 
which may be regarded as a typical pyrolysis temperature, pyrolysates are similar between the two. 
Importantly, the 750 °C heating step shows that both macromolecules have similar core 
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components, including nitrogen-containing precursors bound in the structure which manifest as 
benzonitrile after analytical pyrolysis. The humic coals are clearly non-representative of meteoritic 
carbon. However, although the focus of this study has been on analogues for aqueously altered 
carbonaceous chondrites, the graphitic anthracite (Figure 5.11) resembles the macromolecular 
material in some type 3 carbonaceous and ordinary chondrites. It would be expected that the higher 
rank coals would be more representative of meteoritic material since aromatic condensation and 
loss of aliphatic components would be more complete. Interestingly, whilst the bulk palaeosol 
pyrolysis data provides a good match for aqueously altered meteorites e.g. CM2, there are strong 
similarities between the pyrograms of the picked fusain material from the palaeosols and some of 
the type 3 meteorites. Side-by side comparison of, for example, fusain from Wakeham East (Figure 
5.12) and Kainsaz (Figure 3.7) shows the similarities. Although the difference in pyrolysis 
temperatures employed prevent direct one-to-one comparison (600 °C optimum for the meteorite 
versus 750 °C for the charcoal), there are strong qualitative similarities. The principal responses are 
for naphthalene and benzene. Although these materials may provide a suitably close match to 
different carbonaceous chondrite types in terms of the pyrolysates released, they may not share 
other common features such as degree of structural ordering, as measured by Raman spectrometry. 
It has been shown that coals are not a close match in this respect (Quirico et al. 2003, 2009).  
A key drawback of using type IV kerogens is that the rock matrix has a very different mineral make-
up to that of the meteorites. CM and CI chondrites are largely made up of serpentine-type minerals, 
with smaller amounts of pyroxenes and olivine (e.g. Howard et al. 2009). The palaeosols analysed in 
this study consist of calcium carbonate, silica and clays (Figure 5.7). Different mineral suites have the 
potential to cause varying matrix effects during analysis. In the case of py-GC-MS, certain clays have 
a large catalytic effect and generate products that are non-representative of the original organic 
component (Horsfield & Douglas 1980; Espitalié et al. 1984; Faure et al. 2006). Kerogen isolation by 
sequential acid maceration of the minerals can be applied to remove matrix effects. Another 
potential drawback of the palaeosol material is the approximately 5-fold lower yield of pyrolysates 
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compared with CI1 and CM2. However, since sample amounts are much less critical than for 
carbonaceous chondrites, it is simply a case of using greater sample quantities. Given the high 
sensitivity of modern instruments, this may not even be necessary. This also serves to highlight the 
surprisingly percentage of organics present in some chondrites. 
Absence of particular compounds of interest in the analogue material such as the methylphenols 
(m/z 108; Table 5.4) compared with the meteorites may be addressed by examining a wider range of 
type IV kerogens, which have perhaps not been quite so extensively degraded. The low relative 
proportions of methylphenols might be somewhat of a surprise give that phenols are a key product 
of lignin pyrolysis. The kerogens analysed here represent one particular depositional environment 
and set of diagenetic conditions. The work here serves to draw attention to the potential for type IV 
kerogens as analogues, and identification of other type IV kerogens with features desirable for 
particular applications could easily be performed. In particular, the Fossil Forest locality, and many 
other areas described here, are Sites of Special Scientific Interest, and unnecessary collection and 
hammering of historically important outcrops should be avoided. Instead, other collection sites for 
larger quantities of analogue materials should be identified in working or abandoned quarries where 
the impact will be less, or alternative examples of type IV kerogens could be sought. A summary of 
the strengths and weaknesses of the various analogues here examined is given in Table 5.6. 
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Table 5.6.   Summary table of the strengths and weaknesses of the different analogues examined in this 
Chapter.  
 
Analogue Advantages Disadvantages 
Synthetic carbon black  Easily available 
 Consistent composition 
 No biotic signatures 
 Gives low response 
 Does not reflect the 
geological processes 
affecting meteorites 
 
Low Volatile Bituminous Coal  High response 
 Generated on long 
timescales, similar to 
meteorites 
 Exposed to heat and 
water 
 
 Biological signatures 
predominate 
 Large suite of pyrolysis 
products not found in 
meteorites 
 
 
 
Anthracite  Similar pyrolysis 
products to type 3 
chondrites 
 Not an accurate 
reflection of aqueously 
altered meteorites  
 Low py-GC-MS 
response 
 
Fossil charcoal  Oxidation has removed 
partially-charred biotic 
components 
 Similar features to type 
3 carbonaceous 
chondrites 
 Rare, laborious to 
collect 
 
 
 
 
 
Type IV Kerogen (palaeosol)  Oxidation has removed 
a large proportion of 
the biological 
signatures 
 Pyrolysates are 
common to meteorites 
 Mineral matrix not 
representative of 
meteorites 
 Lower total organic 
carbon than meteorites 
 
 
 
6.6. Potential applications of analogue materials 
Modification of analogue materials by baking under a carefully controlled thermal regime with 
analysis at each step would provide information about the thermal maturation pathways of 
refractory organic material, and would give insight into evolutionary pathways of meteoritic organic 
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matter. The effects of water could be similarly modelled using hydrous pyrolysis (e.g. Sephton et al. 
1998, 1999).  
Hydrocarbons are an extremely valuable astrobiological tool, since structural information within this 
broad compound class can help to distinguish between materials of biogenic or abiotic origin. 
Hydrocarbons, particularly aromatics, also have the advantage of being robust and can persist in 
environments that would quickly destroy fragile amino acids and other biomarkers. The Martian 
surface represents one such harsh environment, with oxidizing soils and intense radiation destroying 
organic molecules in the surface layers.  In such a locality, refractory aromatic macromolecular 
material might be the only material that can survive for any length of time, and hence 
characterisation of such materials is essential. These aspects are considered further in the next 
Chapter.  
 
 
7. Conclusions 
Type IV kerogens in reworked and oxidized Jurassic palaeosols provide a good analogue for 
macromolecular carbon in carbonaceous chondrites. Identification and characterization of other 
type IV kerogens using py-GC-MS alongside other common analytical tools such as FT-IR and Raman 
spectroscopy would help to provide a catalogue of potential analogues, and by using them in 
experiments, may help to provide insights into thermal and aqueous alteration pathways of organics 
in the meteorite parent bodies in the early Solar System.  
Of the analogue materials selected, the palaeosols have the disadvantage of already being 
associated with a mineral matrix. As mentioned in Section 5.5, this mineral assemblage is entirely 
non-representative of that found in meteorites. This aside, the pyrograms from the palaeosols bear 
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strong similarities to some of the carbonaceous chondrite pyrograms, and as such, are the most 
suitable material yet found to act as a meteoritic macromolecular carbon analogue. 
The synthetic black carbon exhibited no pyrolysis products, except for a later-eluting unresolved 
complex mixture (UCM). This material is essentially graphitic. However, this may be viewed as a 
‘starting material’ analogue material, representative of that formed close to stars. Thermal and 
aqueous processing can then be applied to this material using different mineral and catalytic 
matrices, to simulate the alteration processes which have occurred on the meteorite parent bodies. 
Thus from this single analogue, numerous other analogue materials can be generated under 
standard conditions to more closely represent the different types of meteorite. 
The palaeosols satisfy the requirements for an analogue laid out in the Introduction – they are easy 
to collect, occur in large amounts, and hence can be standardized for application in different 
laboratories. The simple aromatic compounds produced upon pyrolysates are a reasonable match 
for aqueously altered chondrites. Charcoals which have experienced pyrolysis and oxidation of 
uncharred material, and high rank coals may provide an analogue for type 3 chondrite 
macromolecular organic matter. 
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Chapter 6 Hydrocarbons on Mars 
Chapter 6 - Flash py-GC-MS of extraterrestrial macromolecules and terrestrial 
kerogens: the utility of simple aromatic compounds as biomarkers. 
 
1. Abstract 
In the absence of more traditional markers for life, simple aromatic hydrocarbons, including 
heteoratomic species, which have been cleaved from macromolecular organic material, can provide 
important information on the provenance of the organic matter. In this chapter, I demonstrate that 
the information contained within simple aromatic structures can be used to determine whether 
organic material is biotic or abiotic in origin. The new interpretations have important implications for 
life-detection missions to Mars. Any fossil organic material discovered on Mars is likely to have been 
extensively altered and degraded, with perhaps only a refractory aromatic residue remaining. Such 
macromolecular material will be challenging to analyse, since primary biological information will 
have been lost. Here, a set of terrestrial kerogens were analysed by py-GC-MS and the distribution of 
low molecular-weight aromatic products compared with those from meteorites, which contain 
authentic non-biological organic matter. By using indices of biogenicity, combined with principal 
components analysis, meteoritic and terrestrial pyrolysis products can be distinguished; the range of 
calculated values is a continuum, with some kerogen or meteorite types being more effectively 
separated than others. The approach followed in this chapter shows great promise and could be 
used to discriminate between abiotic and biotic organic matter on future life detection missions. 
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2. Introduction 
2.1. Life detection on Mars 
Mars is currently the target for a number of life-detection missions. ESA’s ExoMars and NASA’s Mars 
Science Laboratory (MSL) are set for launch in the coming years, and will be equipped to detect 
organic compounds and biomarkers (Summons et al. 2011). It is hoped they will build and improve 
upon the experiences from the Viking lander missions in the 1970s, which failed to detect any 
organic compounds. The lack of organic signals during the Viking missions raised questions about the 
destructive effect of the Martian regolith and the intense ultra-violet and cosmic ray irradiation 
experienced at the surface on the survivability of organic compounds. Under the adverse conditions 
on Mars, it is likely that much of the chemical complexity of fossil life is quickly destroyed. Delicate 
compounds such as amino acids are rapidly destroyed under simulated Martian conditions (e.g. 
Stoker & Bullock 1997; ten Kate et al. 2006). It is probable that any organic material that remains at 
the surface of Mars will be limited to refractory aromatic materials which are more resistant to 
chemical and radiation-induced degradation. However, although these materials are likely to be 
longer-lived in the Martian environment, they are also problematic to analyze and the data from 
them is more difficult to interpret. Extensive use of pyrolysis-GC-MS, which destructively fragments 
macromolecular or polymeric materials, has been made throughout this work. The fragments 
provide some information about the original materials. In the event that a robotic explorer discovers 
some remnant macromolecular material, or if it is detected in a returned sample, the next task 
would be to determine its origin, specifically whether it is biological or non-biological in origin.  
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2.2. Organic matter inputs to Mars 
Biological materials might be found in sediments or mineral deposits that formed at a time when 
water flowed at the surface of Mars and the climate was believed to be warmer (Owen et al. 1988;  
Baker et al. 1991; Baker 2001), when life could have flourished. However, there is currently no 
consensus that these conditions existed, and many researchers believe that the vast water-derived 
features on Mars can be explained by episodic localized heat sources on a planet that was otherwise 
cold and dry (Griffith & Shock 1997; Segura et al. 2002; McEwan et al. 2007; Toon et al. 2010). 
Reconciling the evidence for abundant liquid water on the surface of Mars and the difficulties in 
warming the planet with carbon dioxide or other greenhouse gases using climate models is an 
ongoing task (e.g. Forget & Pierrehumbert 1997).  If life became quickly established on Mars as on 
Earth, before possibly falling victim to the changing climate and environment, then the remains of 
that life might be preserved in sedimentary sequences. Tectonic activity on Earth continually 
destroys the sedimentary rock record containing evidence of ancient life; however there are a 
limited number of cases of evidence for life ~3.5 Ga, such as in South Africa and Western Australia 
(e.g. Schopf 1993; Brasier et al. 2002; Tice and Lowe 2004; Allwood et al. 2007), and contentious 
claims for life at ~3.8 Ga based on isotope evidence in the rocks of Greenland (Mojzsis et al. 1996; 
Fedo & Whitehouse 2002; Whitehouse et al. 2009). However, any tectonic activity on Mars ceased 
quickly, evidenced by the great age of rocks and a long-term cratering record. Abiotic sources for 
organic material at the surface of Mars will include meteoritic input. The input of meteoritic 
materials to the surface of Mars will include both fine-grained micrometeorite dust which will 
become mixed with the soil, as well as larger fragments that have survived entry through the 
atmosphere without melting or fragmentation. Flynn and McKay (1990) estimated concentrations of 
meteoritic material in the Martian soil as between 2-29% by mass. The survivability of small particles 
entering the Martian atmosphere is higher than Earth, as a result of both the lower gravitational 
acceleration and the structure of the atmosphere which allows for longer deceleration (Flynn & 
McKay 1990). Coupled with low weathering rates, there are potentially large accumulations of 
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meteoritic materials at the surface of Mars (Bland & Smith 2000). The survivability of organic 
materials within this meteoritic material will depend on a number of factors including the redox 
conditions of the soil and exposure to UV and cosmic radiation, hydroxyl, peroxides and superoxide 
radicals (e.g. Yen et al. 2000; Encrenaz et al. 2004; Hecht et al. 2009). It would be expected that 
organic material in meteoritic dust would be more quickly oxidized as a result of the high surface 
area to volume ratio than organics contained within larger fragments, which would preserve and 
protect organics within the interior of the fragment (Stoker & Bullock 1997; Bland & Smith 2000).  
 
2.3. Biological and non-biological materials 
Macromolecular organic material in carbonaceous chondrites is well documented, and details of py-
GC-MS of the macromolecular fraction of the organics are provided in Chapter 3. Its more labile 
fraction consists of mainly one-to-two ringed aromatics cross-linked by short chained aliphatic and 
ether groups. Sulphur and oxygen, as well as nitrogen, are also incorporated into the structure to 
greater or lesser degrees depending on the extent of aqueous and thermal alteration experienced 
on the meteorite parent body. Organic compounds in chondrites typically show the full range of 
isomeric diversity. It is probable that the most heavily degraded biotic macromolecular materials on 
Mars will also bear many similarities. The harsh oxidising environment will transform biological 
components to the most basic aromatic forms. Such processes have already been considered when 
looking at terrestrial palaeosol materials which can serve as an analogue for meteorite 
macromolecular organics (Chapter 5). In this case, mainly higher plant material is degraded from a 
complex assemblage of biopolymers to a simple aromatic framework as a consequence of deposition 
in an oxidizing environment. Although the main agent responsible for breaking down the higher 
plant material was microbial activity, the highly oxidizing Martian surface environment would be 
expected to have a similar ultimate effect over geological timescales. This degradation may have 
occurred firstly in the depositional environment depending on local conditions and reworking, and 
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secondly when the buried sequence is exhumed by erosion, where it is accessed by surface or near-
surface sampling. Hence with both meteoritic organic matter and the highly degraded fossil organic 
matter potentially existent on Mars displaying similar features, the question is how to discriminate 
between the two sources?  
 
2.4. Hydrocarbons in kerogen 
The macromolecular organic fraction in terrestrial sediments is termed kerogen. It is solvent-
insoluble, and is composed of a complex network of cross-linked aromatic and aliphatic groups with 
heteroatomic sulphur, oxygen and nitrogen. Depending on the thermal maturity and burial history of 
the organic material, a significant portion of the biological precursor molecules are preserved as 
hydrocarbons. During the maturation process, compounds become saturated, lose their functional 
groups and begin to polymerise. Thus, kerogen composition varies as a result of the precursor 
organic input (marine, non-marine, terrestrial higher plant etc.) and as a result of its diagenetic 
history. Oxidation and weathering adversely affect the amount of chemical information in the 
kerogen, condensing the structure and causing loss of functional groups. Advanced oxidation results 
in a condensed aromatic structure which reveals few clues as to its original character. These 
processes would also be expected to take place on Mars. Despite this, the stable aromatic units may 
still preserve remnant structural information. It is this residual structural information that can be 
used to distinguish biological and non-biological organic materials.  
 
2.5. Hydrocarbons as biomarkers 
Hydrocarbon biomarkers are used routinely in the assessment of terrestrial sedimentary organic 
compounds. The structural skeletons of biological precursor molecules can be readily recognized, 
and provide information about the source and diagenetic history. There are potentially a wide range 
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of simple aromatic pyrolysates that can be identified as having specific environmental origin (e.g. 
Larter and Douglas 1978; Saiz-Jiminez & de Leeuw 1986; Hartgers et al. 1994a; Sinninghe Damsté et 
al. 1989). In order to assess these distributions, indices can be constructed. Indices are widely used 
to help define the source and thermal maturity of oils and kerogens (e.g. Peters et al. 2005 and 
references therein). Ratios of different isomers that are more or less stable under thermal stress can 
be used to determine thermal maturity (e.g. methylnaphthalene ratio, Chapter 3); source ratios 
include the pristane / phytane ratio which indicates redox conditions (Didyk et al. 1978; ten Haven et 
al. 1987) and the gammacerane index which can be used to recognize hypersalinity, which causes 
stratification of the water column (Sinninghe Damsté et al. 1995a). Here, criteria for the biogenicity 
of a suite of compounds are considered. Some examples follow: 
1) Amongst those highlighted are methylbenzenes. Of these, the meta-forms are 
thermodynamically more stable than the para-forms. Hartgers et al. (1994a) noted that ‘linear’ 
alkylbenzenes with certain configurations (mono, or 1,2 substituted) of alkyl groups stem from the 
aromatization of long chained aliphatic molecules, which are biological in origin. It would be 
expected that kerogens that have formed from the aromatization of biological materials would 
therefore contain a relatively higher proportion of linear alkylbenzenes compared to those 
macromolecules which have formed under entirely abiotic conditions.  
2) Sulphur-bearing organic pyrolysates can also show biotic origins from their structures, and 
have previously been suggested as potential tools for distinguishing abiotic from biotic material 
(Shimoyama & Katsumata 2001). The sulphur bonds within the macromolecule were not part of the 
living organism, but instead were incorporated during early diagenesis. Sulphur, from hydrogen 
sulphide or elemental sulphur is incorporated at functional group sites and double bonds as the 
biological molecules aromatise and polymerise (Killops & Killops 2005; Summons et al. 2008). The 
application of sulphur-bearing compounds such as thiophenes on Mars would therefore depend on 
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the availability of sulphur at the time of deposition. King and McLennon (2010) provide a review of 
sulphur on Mars.  
3) Any specific isomer in a compound class that displays enhanced or reduced abundance 
relative to what might be expected from an abiotic assemblage showing full diversity should be 
investigated as a potential biological artefact. In this way, certain contaminant compounds have 
been identified in chondrites (Chapter 3).  
However, such relationships outlined above might be obscured and underlying trends may not be 
immediately obvious between a large range of samples. To overcome this, statistical methods can be 
used, and are frequently employed to assess oils and hydrocarbons. Principal components analysis 
(PCA) is often used to reduce the complexity of a data set, distinguish data patterns, and group 
related samples. This allows interpretations about source, history and migration of oils to be made. 
PCA is a set of mathematical operations that identifies axes of variation within a data set. A simple 
example is a set of x-y axes with data plotted. If the data were to plot as a rough oval shape, then 
the first principal component will run along the long axis, and would explain most of the variation in 
the data. The next component would plot orthogonal to this axis. PCA extends this to multiple 
variables, with each component axis orthogonal to the others. Used appropriately, PCA can reveal 
relationships in large data sets which otherwise would not be readily apparent.  
 
2.6. Previous uses of Principal Components Analysis in astrobiology 
Principal Components Analysis (PCA) has been used in the context of extraterrestrial life detection 
for distinguishing between abiotic, extant biotic and relic biotic using distributions of amino acids 
(McDonald & Storrie-Lombard 2006). Cluster analysis following PCA of amino acid abundances 
allowed grouping of the various samples used, with reasonable success. PCA has the advantage of 
being able to be used on many different variable types at the same time, such as isotope values, 
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relative abundances of compounds, environmental information and so on (Eigenbrode 2008). PCA 
can also be used on source or maturity parameters, and it is this application which is used in this 
study. 
 
2.7. Pyrolysis-GC-MS for studies of Martian organic compounds 
Summons et al. (2008) reviewed some of the analytical instruments that might best be used to 
examine returned Martian samples, and notes that gas chromatography-mass spectrometry, and 
related hyphenated instrument setups offer high sensitivity and high fidelity in separation of 
different organic compounds. Among these, pyrolysis combined with GC is noted as offering features 
advantageous to analysis of small quantities of sample. This would be essential in the case of 
returned samples since the material would not be available in large quantities. Pyrolysis, in 
combination with GC-MS, is a principal technique to be used by the Sample Analysis at Mars 
instrument on the Mars Science Laboratory (Mahaffy 2008). A variation on pyrolysis analysis will be 
used by the Mars Organic Molecule Analyzer set for inclusion on the ExoMars mission. In this 
instrument, a laser source will heat, vaporize, and simultaneously ionize the organic material in the 
sample (e.g. Becker et al. 2010). Clearly therefore, the behaviour of organic materials when 
subjected to pyrolysis needs to be clearly understood. As stated previously, macromolecular 
kerogen-type materials may be the only surviving remnants of past life on Mars, due to the 
deleterious effects of oxidization and ionising radiation. Pyrolytic analysis of these types of material, 
and assessment of the biogenic information contained within, is thus a necessary step in preparing 
for both remote robotic exploration of Mars, and for sample return missions in the more distant 
future.   
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3. Methods 
3.1. Samples 
The samples used are listed in Table 6.1. Each of the groups of meteorites and kerogens represents a 
range of different types and thermal histories. By using a large range of sample types, biases in using 
just one kerogen or meteorite type are avoided, and a better idea of the success of the technique 
can be achieved. The selected fossil organic matter samples represent a range of kerogen types, and 
have experienced different degrees of alteration and oxidation. Bituminous coal has been used by 
previous authors as an analogue for the macromolecular carbon in carbonaceous chondrites (see 
Chapter 5), and an additional coal type, lignite, was analyzed. The aromatic-dominated type IV 
kerogens in the palaeosols also provide a good test, especially since they have been identified as a 
reasonably close match to chondrites. The selection of samples is necessarily non-extensive, but is 
meant as a test of the ability of the procedure to classify a range of well-studied samples.  
 
 
                 Meteorites Kerogens 
Orgueil CI1 Blue Lias Type II 
Cold Bokkeveld CM2 Point Edgar Type I 
Mighei CM2 Kimmeridge Clay Type II 
Murray CM2 Oxford Clay Type II 
Murchison CM2 Autunian Surmoulin  
Kainsaz CO3 Purbeck Type II 
Allende CV3 Roquefort  
Mokoia CV3 Mam Tor Type III/IV 
Bishunpur LL3.1 Fossil Forest Type IV 
Tieschitz H/L3.6 Low Volatile Bituminous A Type III 
  Lignite Type III 
 
The classification and typing of meteorites has been discussed in Chapter 1. Kerogens have been 
typed on the basis of their maceral composition (Tissot & Welte 1984; Killops & Killops 2005). Type I 
Table 6.1.   List of the samples used for statistical analysis. Although Bishunpur is listed here, it was found to 
give anomalous values due to contamination and hence was excluded from the principal components analysis. 
The full range of kerogen types is encompassed. 
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kerogens are lacustrine, and have a strong aliphatic character. They lack the organic sulphur which is 
often present in the type II marine kerogens. Type III kerogens are formed mainly from land plant 
material buried in anoxic environments, and as such have a strong phenolic component. Type II 
kerogens may also have some type III input, depending on the particular depositional environment. 
Type IV is largely composed of reworked inertinite macerals. 
 
3.2. Experimental 
Solvent-extracted (sonicated a minimum 3 times in dichloromethane/methanol 93:7 by volume) 
powdered rock samples were loaded into pre-cleaned quartz tubes and plugged with quartz wool. 
Pyrolysis (600 °C, 15 seconds) was performed on a Chemical Data Systems AS 2500. Meteorite 
samples were first subjected to a 350 °C desorption step, which has the effect of removing loosely 
bound terrestrial contaminants which might otherwise affect the distributions. Such contamination 
is not a problem for freshly-sampled terrestrial rocks with high total organic carbon. Separation was 
carried out on a 30 m J&W DB-5MS ultra inert column in an Agilent 6890N GC, programmed from 35 
°C (2 minutes) to 310 °C at 4 °Cmin-1, and held for 10-15 minutes. Injection was splitless or split, 
depending on the response of the sample. The main function of split mode is to avoid overloading 
the column. Compounds were identified with an Agilent 5973 inert MSD, scanning m/z 50-550.  
 
3.4. Analysis and identification of compounds 
Peak areas for each compound were calculated from characteristic ions extracted from the Total Ion 
Current (TIC). Table 6.2 lists the characteristic ions from which the extracted ion peak areas were 
taken.  Since comparisons are relative, it is not necessary to calculate absolute abundances. Principal 
components analysis of the calculated biogenicity indices was carried out using PAST 
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(PAlaeontological Statistics), a freeware statistical analysis package (folk.uio.no/ohammer/past). 
Missing data (absence of detectable compounds) was accommodated by mean substitution. 
Alkylbenzenes were identified on the basis of mass spectra and relative order of elution. The C4 
alkylbenzenes in particular have a large number of structural isomers, and each has very similar mass 
spectrum, hence comparisons were made between samples and in the literature in order to identify 
all isomers (e.g. Hartgers et al. 1992, 1994a).  
Table 6.2.   m/z values for extracted ions from which peaks areas were taken for calculation of the biogenicity 
parameters. 
Compound or group Characteristic m/z value 
C2-alkylbenzenes 106 
C3-alkylbenzenes 120 
C4-alkylbenzenes 134 
Methylthiophenes 97 
C2-alkylthiophenes 112 
Benzonitrile 103 
Naphthalene 128 
  
 
3.5. Biogenicity indices 
In the case presented here, there are large numbers of structural isomers of even simple aromatics. 
Although there is still debate about the application of principal components analysis in terms of the 
maximum number of variables for n samples in order for the method to be robust, in general there 
must be a substantially smaller number of variables than samples. In this case, there are 21 samples 
(10 meteorites, 11 kerogens), and potentially many tens of variables if each individual compound 
were to be included. In order to reduce the data as a preliminary step, several indices of biogenicity 
were constructed. These are based on indices from the literature and from the data in this study. 
The full range of indices used is in Table 6.3. For the purposes of this investigation, more general 
biological signatures are considered, in addition to a limited number of more specific criteria. Some 
of the indices used take advantage of the property of linearity of aromatics. These form from the 
cyclization and aromatization of straight-chained aliphatic compounds, producing a 1,2 alkyl 
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structural configuration, or are monosubstituted. The second main set is specific for caratenoid-
derived structures. 1,2,3,4 and 1,2,3,5 tetra-methylbenzenes can be incorporated into the kerogen 
from diaromatic carotenoids, which are pigments used by photosynthetic microorganisms.  
 
3.5.1. Sulphur compounds 
A preliminary examination of the meteoritic and kerogen chromatograms allowed certain empirical 
relationships between compound groups to be recognized. The methylthiophene index (MTI) is 
based upon the observation that meteoritic distributions tend to have near-equivalent peak areas of 
2- and 3-methylthiophene. This is presumably due to the complete structural diversity that tends to 
occur in the abiotic macromolecule. In terrestrial kerogens, 2-methylthiophene forms part of the 
linear suite of compounds, and hence tends to be dominant. 3-methylthiophene can form from 
isoprenoidal chains (Sinninghe Damsté et al. 1989). In any given environment, it is probable that one 
form will dominate over the other, depending on source organic matter and diagenetic history.  
From index (1), (Table 6.3) values tending towards 1 are biogenic. 
  
The 2,5-dimethylthiophene index (DMTI) is based on the observation that this particular isomer has 
a much greater relative response in terrestrial kerogen samples that in meteorites (Figure 6.1). This 
can be again explained by its linear structure which derives from aromatization of long-chained 
Figure 6.1.   Extracted ion 
chromatograms for m/z 112, the 
parent ion for C2 thiophenes, for the 
Blue Lias and Murchison carbonaceous 
chondrite. Clear differences between 
the relative abundances of different 
isomers are clear, particularly for 2,5-
DMT. 1 = ethylthiophene; 2 = 2,5-
DMT; 3 = 2,4-DMT; 4 = 2,3-DMT; 5 = 
3,4-DMT   
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biological molecules. By taking the ratio of 2,5-dimethylthiophene to total C2 alkylthiophenes, 
excluding ethylthiophene, there is reasonable separation of abiotic and terrestrial samples. 
 
 
 
 
Index 
abbreviation 
Index Organic 
compound 
Biological 
function 
 
(1) MTI 
 
 
       
       
  
 
Aliphatic / 
isoprenoidal 
biomolecules 
 
Diagenetic S 
incorporation 
into lipids 
 
(2) DMTI 
 
      
                        
 
 
Aliphatic 
biomolecules 
 
Diagenetic S 
incorporation 
into lipids 
 
(3) C2BL 
 
                 
       
 
 
Aliphatic 
biomolecules 
 
Lipids 
 
(4) C3BL 
 
                      
                       
                      
 
 
Aliphatic 
biomolecules 
 
Lipids 
 
(5) CAR1 
 
                        
         
 
 
Diaromatic 
carotenoids 
 
Photosynthesis / 
Light absorption 
 
(6) CAR2 
 
          
                                         
                                
 
 
Nonaromatic 
carotenoid 
 
Photosynthesis / 
Light absorption 
 
(7) PQ 
 
          
                                         
                                
 
 
Plastoquinones 
 
 
 
 
Photosynthesis 
(8) BNI             
           
 
Aromatic nitrile None; marker 
for abiotic 
nitrogen 
 
 
Table 6.3.   Biogenicity indices used in this study. Many are based on the predominance of linear structures in 
biological molecules. MTI = methylthiophene index; DMTI = dimethylthiophene index; C2BL = C2 
alkylbenzenes, linear; C3BL = C3 alkylbenzenes, linear; CAR1 = carotenoid index 1; CAR2 = carotenoid index 2; 
PQ = plastoquinones. MT = methylthiophene; DMT = dimethylthiophene; DMB = dimethylbenzene; TMB = 
trimethylbenzene; TeMB = tetramethylbenzene; C2T = C2-alkylthiophenes. 
 246 
 
Chapter 6 Hydrocarbons on Mars 
3.5.2. Linear alkylbenzenes 
The C2-alyklbenzene index (C2BL), and C3-alkylbenzene index (C3BL) are again based on linear 
structures. In the case of C3BL, a small subset of the isomers was selected, namely o-, m-, and p-
ethyltoluene.  
Parameters (2), (6), and (7) (Table 6.3) are built to exclude certain linear structures, since recognized 
contamination in the meteorites affect the distributions. In the case of DMTI (index 2), 2,5 DMT does 
not appear to be as severely affected as ethylthiophene. C2BL and C3BL  (parameters 3 and 4) are 
likely to be compromised based on the observations of Chapter 3, since these indices rely on linear 
structures that can be generated as pyrolytic artifacts of contamination.  
 
3.5.3. Carotenoid-derived aromatics 
The CAR1, CAR2 and PQ parameters are based on the structure of carotenoid and other molecules 
used in photosythesis that have broken down and become incorporated into the kerogen structure 
(Figure 6.2). Carotenoids have the advantage of being very stable, and they are common in many 
fossil organic materials. They are also ubiquitous, being present throughout the animal and plant 
kingdoms, and performing key functions in the cell.  Carotenoids are used in photosynthesis as 
accessory pigments. Molecules such as these may have been used for energy-gathering by Martian 
microbes, and are therefore an important target for future missions. A potentially wide range of 
products can be created from a carotenoid by processes of cyclization, aromatization, and expulsion 
of small aromatic units (Gallegos 1981; Hartgers et al. 1994a, 1994b; Sinninghe Damsté et al. 1995b; 
Koopmans et al. 1996; van Kaam-Peters et al. 1997).    
In the terrestrial setting, certain carotenoids can also be used to identify particular groups of 
organisms; for example isorenieratene is only generated by a subgroup of Chlorobiaceae which are 
specific to low light intensity, euxinic (free H2S) conditions, helping to identify quite firmly the 
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depositional environment (Summons & Powell 1986; Van Kaam-Peters et al. 1997). 1,2,3,4-
tetramethylbenzene is a pyrolysis product of isoreniaratane and fossil derivatives, providing a strong 
indicator for the presence of this carotenoid. The association between 1,2,3,4-tetramethylbenznene 
in pyrolysates and green-sulphur bacteria which contain the isoreniartene has been confirmed by 13C 
isotopic analysis (WangLu et al. 2007). Tetramethylbenzenes were also listed by Parnell et al. (2007) 
in a list of target biomarkers for a proposed Mars instrument, but given low priority. Anaerobic 
photosynthesis was probably the first photosynthetic mechanism to evolve on Earth, preceding 
oxygenic photosynthesis. Similar evolutionary pathways might also be expected on Mars. Thus, 
biomarker evidence should perhaps look towards primitive organisms of ancient origin on Earth for 
clues as to the types of organic compound that might be common in similarly ancient fossil 
organisms on Mars. 
 
a
b
c
d
 
 
 
 
Figure 6.2.   Structures of compounds suggested to be precursors for the some alkylbenzene isomers (Hartgers 
et al. 1993, 1994): a isorenieratene (precursor to 1,2,3,4-tetramethylbenzene) which occurs in green sulphur 
bacteria b renieratene (precursor to 1,2,3,4-tetramethylbenzene)  c β,β-carotene (precursor to 1,2,3-
trimethylbenzene)  d plastoquinone (precursor to 1,2,4-trimethylbenzene). During diagenesis and subsequent 
formation of kerogen, the carotenoid becomes saturated and bound to the kerogen macromolecule by the 
long chain. Analytical pyrolysis cleaves the chain, either at the β or γ position, producing alkylbenzenes with 
structures inherited from the precursor carotenoid.   
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Plastoquinones are common throughout many photosynthetic organisms (e.g. Sun et al. 1968), 
however the exact type of quinone used as an electron transporter varies throughout different 
groups of photosynthetic microorganisms (e.g. Hohmann-Marriott & Blankenship 2011).  
 
3.5.4. Nitrogen-bearing aromatics  
The presence of nitrogen compounds was also considered. Benzonitrile was generally not 
distinguishable in any of the kerogen pyrolysates, despite the overall high response of these 
samples.  The only exception was the type IV kerogens from Mesozoic palaeosols, and the lignite. In 
the case of the palaeosols, further analyses of charcoals, both recent and ancient, showed that 
benzonitrile is a pyrolysis product of these materials. It is suggested that the benzonitrile response in 
the palaeosols is therefore a result of the charcoal content.  Benzonitrile is a pyrolysis product 
formed from amine, amide or imine groups. These groups would be quickly consumed and 
biodegraded by microorganisms during deposition, meaning that their survivability in terrestrial 
settings is very low. Rapid pyrolysis or burning by wildfire preserves the nitrogen groups as 
benzonitrile. In the case of the lignite, it is known that aromatic amino groups can persist in 
kerogens of low rank (Kelemen et al. 1999). Nitrogen-containing compounds have been reported in 
crude oils, including quinolines and isoquinolines (Schmitter et al. 1983), pyridine, carbazole and 
pyrrole. However, nitrogen is only a minor component of kerogens, and occurs mainly in heterocyclic 
forms as described above (Baxby et al. 1994). The absence of benzonitrile as a pyrolysis product in 
kerogens, excepting those affected by unusual preservation events (fire), and its significance in 
meteoritic pyrolysates (Chapter 3) mean that this compound could be used as a simple presence / 
absence marker for meteoritic material. However in this case, the presence of nitrogen groups does 
not signify the presence of proteins, but rather the thermally-stable benzonitrile groups of meteorite 
kerogens. Benzonitrile will only be a useful indicator in the case of fossil life; analytical pyrolysis of 
extant organisms will generate benzonitrile from the amine and amide groups present in the living 
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molecules. Benzonitrile was identified as a product in the SNC Nakhla meteorite (Sephton et al. 
2002). 
Other parameters such as the relative responses of phenols would likely be highly effective at 
discriminating between samples that had a high proportion of higher plant input and those that do 
not, since the phenols would dominate over other products. However, these phenols result from the 
phenolic lignin macromolecule (Saiz-Jiminez & de Leeuw 1984, 1986). Such frameworks for structural 
support would not be expected to be present in Martian biotic materials, since it is probable single-
celled organisms were the limit of complexity of structure of Martian organisms (Davila et al. 2007). 
Additionally, phenols are enhanced in aqueously altered meteorites compared with non-aqueously 
altered meteorite, as such they are not independent of abiotic processes. Hence, phenols are not a 
suitable indicator for biogenicity in this case.  
 
3.6. Principal Components Analysis 
The application of principal components analysis (PCA) follows that of Kruge (2000) in the study of 
thermal maturity parameters. Although each individual aromatic maturity parameter applied 
roughly separated samples of different grade, the order was not always the same, therefore one 
single defining parameter could not be used. So, instead of using abundances of individual 
compounds as the input data, PCA of the parameter values allows a linear combination to be taken 
which produces overall scores of maturity, or in this case biogenicity, based on all the parameters.  
The more common goal for principal components analysis (PCA) is to look for co-variation in large 
datasets which is not immediately obvious. Here however, only the first principal component (PC1) is 
sought, which provides a linear combination of all the biogenicity parameters listed in Table 6.3, with 
a coefficient that describes the relative importance of that parameter in the form: 
Equation 6.1.     PC1 = ax1 + bx 2  + ...       Where x1, x2... are the standardized variables 
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As part of the calculations, the data in Table 6.4 is firstly standardized, since the parameters are 
based on different scales. Standardization involves dividing the variables by their standard 
deviations. This prevents dominance of large values, and is a usual step. Eigenvalues and 
eigenvectors are then found for the correlation matrix calculated from the standardized variable 
values. The eigenvectors (principal components) are listed by order of their eigenvalues. The 
eigenvector with the largest eigenvalue is PC1, and explains the largest proportion of variance in the 
data. 
Table 6.4.   Table of values for the eight biogenicity parameters used for PCA. Note Bishunpur has been 
omitted due to the effects of contamination (Section 4.3).  
Group  Sample MTI DMTI C2BL C3BL CAR1 CAR2 PQ BNI 
 Blue Lias 0.68 0.51 0.73 0.41 0.60 0.75 1.16 0.05 
 Oxford Clay 0.62 0.43 0.80 0.37 0.34 0.58 1.07 0.04 
 Mam Tor 0.21 0.28 0.64 0.35 0.19 0.60 0.99 0.03 
 Aut. Sur. 0.17 0.28 0.75 0.40 0.37 1.11 1.19 0.06 
 Fossil Forest 0.19 0.28 0.87 0.76 0.22 2.06 1.31 0.16 
Kerogens Point Edgar 0.16 0.30 0.89 0.46 0.38 0.74 1.08 0.01 
 Kimm Clay 0.67 0.47 0.85 0.47 0.46 0.57 1.15 0.03 
 Purbeck 0.65 0.45 1.19 0.68 0.23 0.85 1.27 0.07 
 Lignite 0.17 0.23 0.41 0.23 0.27 0.99 1.23 0.16 
 Roquefort 0.67 0.46 0.93 0.54 0.35 0.62 1.26 0.03 
 LVB-A 0.32 0.24 0.49 0.23 0.20 0.30 1.13 0.00 
 
          Kainsaz 0.20 0.28 1.32 1.21 0.27 0.73 0.84 0.52 
 Mighei 0.26 0.16 0.93 0.49 0.17 0.52 1.04 0.15 
 Cold Bokkeveld 0.19 0.09 0.94 0.53 0.07 0.36 0.65 1.56 
 Murchison 0.09 0.11 0.89 0.47 0.17 0.40 0.94 0.21 
Meteorites Murray 0.21 0.10 0.91 0.44 0.16 0.40 0.90 0.18 
 Orgueil 0.21 0.09 0.84 0.53 0.08 0.51 0.81 4.44 
 Allende 0.21 0.28 1.07 0.54 0.27 0.68 0.99 0.90 
 Tieschitz 0.37 0.28 0.78 0.90 0.27 0.04 0.20 0.25 
 Mokoia 0.28 0.28 1.28 0.78 0.27 0.87 0.60 0.79 
 
Because the parameters have been chosen for their ability to discriminate between biogenic and 
abiogenic samples, all the parameters should display this trend in the distribution of values from 
individual samples. It is this trend that PC1 will identify, because it is the source of most variation in 
the data. Consideration of further components is not necessary.  
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4. Results 
4.1. Terrestrial kerogens 
Examples of pyrolysis chromatograms from type I, II, III and IV kerogens are shown in Figure 6.3. 
From these, the biogenic character of types I-III is clear; the n-alkene/alkane responses, which are 
particularly strong in type I, originate from lipids from an almost entirely algal input. There is very 
little aromatic character in immature type I. Organic sulphur is present in the type II example from 
the Kimmeridge Clay, which results from the marine depositional environment, with the sulphur 
being incorporated diagenetically. The lignin heritage of the type III coal is illustrated by the 
dominance of phenols; in addition there are n-alkene/alkane pairs. Only the type IV, which has been 
seriously oxidized and degraded, has little obvious biogenic character at this scale, being mainly 
aromatic, however closer examination reveals minor alkene/alkane pairs, and some structural 
isomers of alkylbenzenes point to a biological origin (see Chapter 5). The sample from Mam Tor is 
from the Edale (Bowland) Shales, which comprises broadly type II kerogen (Maynard et al. 1997), but 
may show more type III character depending on the particular collection locality in relation to the 
palaeo-depositional environment (Figure 6.4). The total ion current pyrolysis chromatogram of this 
sample is evidently much different from the Kimmeridge Clay kerogen, which is also type II kerogen. 
The aromatic nature of the kerogen indicates that it has more type III (higher plant) input, and the 
lack of detectable phenols suggests significant reworking and oxidation before deposition, and may 
in fact be approaching type IV in character.  
The thermal maturity of each kerogen type will also influence the composition and structure of the 
kerogen. Figure 6.5 is an extract from Behar & Vandenbroucke (1987) which illustrates the change in 
structure of a type II kerogen as it undergoes thermal maturation. Only those kerogens which have 
been subjected to the greatest thermal stress are likely to lose all their aliphatic biological 
information; these components are relatively stable within the macromolecular structure.  
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Figure 6.5.   Model of the change of structure of type II kerogen during thermal alteration. The top figure is a 
model of the structure at the beginning of catagenesis, with the lower model representing the structure at the 
end of catageneis. The loss of alipahtics and condensation to aromatic units is clear. The process could also be 
viewed as a progressive loss of biological information, with the ultimate product after more extreme heating 
being ordered graphite. Models taken from Behar & Vandenbroucke (1987).  
Figure 6.4.   Total ion current pyrolysis chromatogram for Mam Tor (Bowland Shale). Although cited as type II, 
this depends on sampling localities. Here, input appears to be primarily higher plant that has been reworked 
leaving a kerogen which gives strong aromatic responses for py-GC-MS, but is poor in phenols. T = toluene; 
C2B = C2 alkylbenzenes; C3B = C3 alkylbenzenes; N = naphthalene; MN = methylnaphthalenes; C2N = C2 
alkylnaphthalenes; S = sulphur; filled diamonds = n-alkanes 
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Although when the entire chromatogram is examined in this way the biogenic nature of the kerogen 
is clear, it is the information in the simple hydrocarbon pyrolysates which is of interest in this study – 
do the simplest aromatics and related heteroatomic compounds reflect the biogenic character 
evident at higher molecular weights, and can this be distinguished from abiotic kerogen-like 
materials?  
 
4.2. Meteorite macromolecular material 
The nature of the pyrolysis products of macromolecular material have been discussed in detail 
previously (Chapters 3 and 4) and will not be repeated here. However, the crucial point with abiotic 
meteoritic organics is the complete structural diversity of the compounds, with all isomers present. 
Any isomers in a series which show large enhancements relative to the other isomers may be a sign 
of directed biological selection.  
 
4.3. Plots of individual biogenicity parameters 
Individual plots of the biogenicity indices for the samples are shown in Figure 6.6. Some of the plots 
show very general trends across the two groups of macromolecule (biotic and abiotic), but there 
remains considerable scatter in some cases.  It can be seen that C2BL and C3BL show little apparent 
offset between the two groups. Both the thiophene indices and those for carotenoid-derived 
structures show the best offset. The apparent contamination in Bishunpur is high, and hence was 
excluded from the statistical analysis. This can be seen clearly in the pyrolysis and solvent extract 
data (Chapters 3 and 4, respectively) and manifests as anomalous index values particularly for C2BL 
and C3BL. It is probable that many of the other meteorite samples have suffered low levels of 
contamination, and it is possible that the C2BL and C3BL values for these samples have been 
elevated above those of pristine samples, meaning they plot closer to terrestrial values. The 
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benzonitrile index works particularly well for the type 1 chondrite Orgueil, as well as Cold Bokkeveld 
(CM2) which has been shown to have a similar macromolecular type to Orgueil (Chapter 3). The only 
two terrestrial kerogens that show elevated values for the benzonitrile index are the palaeosol (type 
IV) and the lignite (type III). 
 
4.4. Principal Components Analysis 
Even though many of the indices separate the terrestrial and extraterrestrial groups reasonably well, 
examination of some of the index plots show overlap of meteoritic and terrestrial kerogens. Hence a 
number of different assessments are required. By subjecting the 8 biogenicity parameters here to 
PCA, a less subjective assessment is performed, and the biogenicity parameters are assessed in 
combination. This is achieved by calculating the first principal component (PC1) which explains the 
bulk of the variation in the dataset (Kruge 2000). The first principal component accounts for 39.2 % 
of the variance. PC1 values for individual samples are shown in Figure 6.7. It can be seen that the 
PC1 scores successfully separate the meteoritic and terrestrial kerogens into their groups. However, 
the values between the kerogens and meteorites are a continuum rather than two distinct value 
sets. The type 1 and 2 meteorites have the lowest values; this is partially a result of the thiophene 
indices being strong; these meteorites contain substantial amounts of thiophenes due to their 
history of aqueous alteration. The contributions of the indices to PC1 are shown by their loadings 
(Figure 6.8), which largely confirms the rough observations made on the individual index plots 
(Figure 6.6). The C2BL and C3BL indices have very little contribution to PC1, whilst the thiophene and 
pigment indices show much greater contributions. The meteorites with closest affinity to the 
kerogens are the type 3 meteorites, which have experienced the most thermal alteration and little 
to no aqueous alteration. These meteorites have limited pyrolysate species diversity. 
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Figure 6.7.   First principal component scores for the biogenicity indices listed in Table 6.3. Meteorites scores 
(red) are generally lower than the terrestrial kerogen scores (blue).  
 DMTI MTI 
Figure 6.6. (Previous page)   Individual plots for the indices listed in Table 6.3. It is clear that no single index 
successfully separates meteorites (right side of charts) from the kerogens. Bishunpur produces several 
anomalous values and as such was excluded from PCA analysis. These values are due to contamination which 
has overprinted the indigenous contributions. Of the indices here, C2BL and C3BL do not appear to provide 
any clear separation between the two sets of data. 
Figure 6.8.   This loadings plot for PC1 shows that those indices based on thiophenes and carotenoid 
derivatives, as well as abiotic nitrile have the strongest influence on the score of PC1 (the values are 
substituted for the coefficients of Equation 6.1). This illustrates in a visual fashion the general observations 
from Figure 6.6 of the effectiveness of the biogenicity indices. It is often the case that those parameters that 
do not show any significant variation are omitted from PCA, however all indices were included in this overall 
assessment.   
 258 
 
Chapter 6 Hydrocarbons on Mars 
5. Discussion 
5.1. Overview 
Figure 6.7 demonstrates the ability of indices of simple aromatic pyrolysates and related 
heteroatomic compounds, taken in combination by principal components analysis, to distinguish 
between abiotic and biotic macromolecular material. 
The utility of this exercise in assessing preserved Martian macromolecules for indicators of 
biogenicity is based on the following prerequisites: 
 The early climate on Mars was once warm and wet for a geologically significant period of 
time, permitting the presence of liquid water which would act as the solvent for prebiotic 
organic chemical evolution and the development of life to occur in. This is still a matter of 
some debate (see Section 2.1). 
 The fossil organic matter is highly degraded as a result of deposition and subsequent 
exposure at the surface, which is known to be highly oxidizing, and from ionizing radiation 
from ultraviolet and cosmic radiation.  
 The degradation has reduced the fossil organic matter to a network of aromatic 
hydrocarbons, which may only be effectively analysed by destructive thermal extraction 
(pyrolysis).  
By using biomarkers which are known from terrestrial organisms, we are making assumptions about 
the types of organic molecules that ancient Martian microbes might have used. These include lipids 
for cell walls, and carotenoids and plastoquinones for photosynthesis.  In the latter cases, we are 
also assuming that organisms had become advanced enough in the time before the hypothesized 
warm, wet period on Mars came to an end to utilize relatively complex chemical mechanisms to 
acquire energy. It is highly unlikely that any life evolving separately on Mars would have followed the 
same biochemical pathways at the same times as terrestrial life, including such milestones as 
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anaerobic or oxygenic photosynthesis, and indeed these modes of life might never have developed. 
Metabolisms might have remained adapted to ocean-floor vent type environments, for example. 
However, if photosynthesis had developed, then carotenoids may have been used by Martian 
organisms as the light-harvesting pigment.  
 
5.2. 1st Principal component scores  
For the kerogens, there appears to be some correspondence between PC1 score and kerogen type. 
The PC1 score provides an overview assessment of all the indices listed in Table 6.3. Marine (type II) 
are more effectively separated from the meteoriotes than types I, III, or IV. This is likely due to the 
strong thiophene and carotenoid parameters; the precursor organisms make up a large part of the 
organic matter. The kerogen with the score closest to that of a meteorite is Mam Tor. Mam Tor is 
the collection site in Derbyshire, with the rock sample itself from the Edale (or Bowland) Shale, 
which is type II kerogen (Maynard et al. 1997). However, it can be seen from the pyrolysis gas 
chromatogram (Figure 6.4) of this sample that much of the aliphatic character has been lost, and 
there is a high proportion of aromatic responses. In many ways, it closely resembles some of the 
meteorite pyrolysis chromatograms (see Chapter 3). This demonstrates that kerogen type is 
probably not consistent throughout these shales, because the pyrolysis chromatogram more closely 
resembles that of reworked type III, tending to type IV. The meteorites show a range of PC1 values, 
with type 1 and 2 meteorites trending away from the kerogens more than the type 3s. This may in 
part be due to the need for mean substitution for some of the values of these meteorites due to a 
lack of detectable compounds. 
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5.3. Advantages and limitations of the methods 
Although some of the selected indices were partially successful at distinguishing between terrestrial 
and abiogenic organic matter, the effects of contamination on the meteoritic organic response mask 
the original indigenous compound distribution. As was discussed in Chapter 3, long chained fatty 
acids have been incorporated into the meteorite matrix in a manner which renders them unable to 
be separated from the indigenous macromolecular organic fraction (Remusat et al. 2005). On 
pyrolysis, clay catalysis and interaction with elemental sulphur generates a homologous series of n-
alkylbenzenes and n-alkylthiophenes. This distribution extends into the low molecular weight series 
of compounds which are being assessed, perhaps as a result of pyrolytic cracking of the molecules. 
As such, the meteorites have to a greater or less extent, acquired a singularly biogenic overprint 
amongst the compounds of interest. This may explain the relatively high PC1 score of Mighei, which 
would be expected to plot much more closely to the other CM2s Murray and Murchison, since they 
are very similar in organic composition (Chapter 3). Yet it has been shown that Mighei has suffered 
considerable contamination by aliphatics, and hence linear aromatics following pyrolysis.  However, 
the partial success amongst some classes of compound, particularly the C2 alkylthiophenes and C3- 
and C4 alkylbenzenes shows that the technique has potential. Even taking Murchison as the most 
pristine example here analysed due to its rapid collection and careful curation, contamination still 
causes biogenic overprinting. Since our only available natural analogues for abiotic macromolecular 
material that may occur in the Martian surface soil are compromised, alternatives could be sought. 
One possibility would be artificial synthesis of macromolecular organics in analogous ways to the 
Miler-Urey experiment, or by pyrolysis and hydrothermal alteration experiments with catalytic 
minerals. However, it is unlikely that material so generated would have the same characteristics as 
meteoritic material, with its complex thermal and aqueous alteration history, as well as previous 
solar nebula and molecular cloud chemical interactions.  
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There are also problems with incompleteness of data. For example with the DMTI index, some of the 
meteorites and kerogens do not contain these sulphur-bearing compounds in significant amounts, 
meaning that the index cannot be used. PCA required the use of mean substitution values, which is 
not robust. Alternative statistical methods, or perhaps analysis with lower limits of detection, might 
help to deal with these challenges. A certain level of diversity of pyrolysate species needs to be 
present in order for comparisons to be robust. This applies particularly to the type 3 chondrites, 
which possess few pyrolysate species that have sufficient complexity of structure to be useful for 
comparison with kerogens. Future investigations should include many more examples of CI, CM, CR 
and other meteorites of interest, and leave out the type 3s, because the usefulness of the structural 
information is very limited. 
 
5.4. Considerations for future investigations 
The meteoritic organic material preserved on the Martian surface is unlikely to remain in a pristine 
state. Even that contained and protected within the interiors of carbonaceous chondrite clasts will 
be subjected to highly energetic cosmic radiation, which may be a significant alteration mechanism 
over geological timescales. The effects of radiation have been investigated by Court et al. (2006, 
2007), and result in an increase in structural disorganisation, as measured by Raman spectroscopy, 
and a decrease in ring number and degree of alkylation. Biomarker information is lost (e.g. Dahl et 
al. 1988). The extent of radiolytic alteration will depend upon the time that the meteorite spent in 
space after being ejected from the parent body, as well as residence time at the surface of Mars. 
These and other similar modifications must be taken into consideration when interpreting data 
recorded from the Martian surface, and comparing with terrestrial biology. 
The samples used here are intended to provide proof of concept, to show whether or not the 
method could be used. In the case of measurements taken remotely on Mars, or on returned 
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Martian material, a large dataset of a wide range of sample types should be acquired. This would 
include a wider range of abiotic meteoritic macromolecule material, fossil biogenic material of a 
larger range of types and burial histories, including aqueously altered, thermally altered, oxidized, 
and experimentally or naturally irradiated samples, as well as other potential organic analogues for 
Martian rocks (Marlow et al. 2011). As with any statistical exercise, the greater the number of 
samples, the more robust the analysis. Mars samples that are analysed can then be included in this 
data set, and their relationships assessed by PCA and subsequent cluster analysis (e.g. McDonald & 
Storrie-Lombard 2006) or application of biogenicity indices and combination by PCA as described 
here.  
 
 
6. Conclusions 
Comparisons of low molecular weight aromatic pyrolysate compounds with an inherited biological 
configuration in terrestrial kerogens with abiotic meteoritic macromolecular material shows 
reasonable success in distinguishing between the two types. The meteoritic responses have been 
compromised by terrestrial contamination. Long-chained fatty acids have aromatized during 
pyrolysis, producing a wide ranging homologous series of linear n-alkylbenzenes and n-
alkylthiophenes which extend to low molecular weights. PC1 is effectively a linear combination of all 
the indices (Kruge, 2000). From the plots of individual indices and the loadings of PC1, thiophenes 
exhibit a strong influence on the separation, as do C4 alkylbenzene caratoneoid-derived structures, 
and benzonitrile. Linear alkylbenzenes do not discriminate effectively. CM2 and CI1 chondrites most 
effectively separated from marine (type II) rocks, this is likely due in a large part to the 
dimethylthiophene distributions. Not only the original kerogen type, but also the burial history, and 
hence thermal maturity, of biotic kerogens influences the degree of biological character. Reworked 
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or thermally-affected kerogen, either by burial or proximal geological heating from local sources, can 
lose much of its biological character and become difficult to distinguish from known abiotic 
materials. Although the terrestrial contamination of the meteorites has compromised their validity 
in statistical comparisons, the fact that biogenic overprinting can be recognized in low molecular 
weight aromatics shows that the approach nevertheless has potential in adding to the lines of 
evidence used in determined the provenance of Martian macromolecular material.  
Principal components analysis has only been put to limited use in the case here, and is not used in 
the truly exploratory role in which it could be very powerful. This is because of the limited number of 
samples and large number of variables in the many types of low molecular weight aromatics and 
related heteroatomic compounds. This necessitated reduction of the data to biogenicity parameters 
which are based on observations made throughout the work here, and from previous work in the 
literature. A larger-scale study would examine hundreds of samples in the same manner, and may 
include information from other analytical techniques such as Raman spectroscopy. In this way, 
trends hidden in the complexity of the large dataset may become apparent, adding to new lines of 
argument.  
Given what we know about the surface Martian environment, which is unforgiving to organic 
molecules, a separate biological detection strategy with emphasis on macromolecular hydrocarbon 
pyrolysis products might be advisable, running in parallel with strategies for the detection of ‘high-
priority’ markers for life. Depending on what might be found in the coming years, markers deemed 
to be ‘low-priority’ might very well become ‘high-priority’.   
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Chapter 7 – Conclusions and Further Work 
 
1. Conclusions and Further Work 
The work in this thesis has sought to characterise the hydrocarbon component of carbonaceous and 
ordinary chondrites, with particular focus on the insoluble macromolecular fraction. The intractable 
nature of this material makes it difficult to assess; however, use of analytical pyrolysis has provided 
insights into its structure and composition (Chapter 3). The contribution of volatiles from ablating 
micrometeorites of ordinary chondrite composition has been determined using pyrolysis with FT-IR 
detection (Chapter 4). Small quantities of water and carbon dioxide were evolved, and were unlikely 
to have had a significant effect on the atmospheres of the newly-forming terrestrial planets in the 
early stages of the Solar System. A terrestrial analogue for meteoritic macromolecular material from 
type 1 and 2 chondrites has been identified in Jurassic palaeosols (Chapter 5). The refractory, 
oxidized type IV kerogen is dominantly aromatic, and can be used as a substitute for meteoritic 
macromolecular material in experimental work. Comparison of simple aromatic compounds released 
from abiotic meteoritic macromolecular material by analytical pyrolysis with those from terrestrial 
kerogens allows the two groups to be distinguished, without the requirement of more complex 
biomarkers (Chapter 6). A more detailed overview of the conclusions from each of the main chapters 
is given in the following sections. 
 
 
 
 
 270 
 
Chapter 7 Conclusions and further work 
2. Pyrolysis-GC-MS of meteorites 
2.1. Conclusions 
Pyrolysis-GC-MS has been used for many years as a tool to investigate the macromolecular 
components of meteorites (see Chapters 1, 2, and 3). Here, analyses of a wide variety of different 
types of meteorite has allowed for more complete assessment across the range of mineralogical and 
metamorphic types. Many previous studies often examine a limited range or perhaps one or two 
individual meteorites. The type CM2 chondrites studied here all produce similar pyrolysis results, 
however the CM2 Cold Bokkeveld shows stronger affinities to the CI1 chondrite Orgueil, based on 
macromolecular typing and comparison of pyrolysis products. The type 3 carbonaceous chondrites 
gave varying responses, however overall they exhibit weaker responses and less diversity of 
products than the aqueously altered ones. They are also more susceptible to overprinting by 
terrestrial contamination due to their smaller pyrolyzable fraction, compared with the CM2s or CI1. 
The three ordinary chondrites also show variable responses, although it is likely that much of this 
can be attributed to the effects of contamination, particularly in the case of Bishunpur (LL3).     
In-line flash pyrolysis-GC-MS, with sequential stepped heating, has provided some new information 
on the behaviour of macromolecular organics in chondrites (Chapter 3). A thermal desorption step 
at 350 °C was followed by a standard pyrolysis temperature at 600 °C with a final high temperature 
step of 750 °C intended to investigate any residual material. In general, only the type 1 and 2 
chondrites gave appreciable responses for the first and last steps. These three steps can be related 
to the three organic fractions recognized from nitrogen and carbon isotopes (Sephton et al. 2003, 
2004). The desorption step at 350 °C can be related to the solvent soluble free organic matter, the 
products released at 600 °C can be related to the labile organic matter, and the 750 °C step products 
are released from the refractory organic matter, as described by  Sephton et al. (2003, 2004).   
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Benzonitrile in particular formed a large proportion of the total products released at the higher 
temperature step. This is most likely a result of its high thermal stability. When the ratio of 
benzonitrile to the sum of benzene, toluene, and naphthalene peak areas is taken (the other main 
products at 750 °C), it has been shown that the type CI chondrite Orgueil, and the CM2 Cold 
Bokkeveld have higher ratios than the other CM2s. This can be explained by the higher degree of 
aqueous alteration experienced by the type 1, which has facilitated incorporation of nitrogen into its 
structure, perhaps as a result of ammonia being released by hydrous alteration which then reacts 
with functional groups (Yabuta et al. 2007; Pizzarello et al. 2011).      
One notable finding of the investigations here was the widespread and pervasive contamination of 
the macromolecular fraction of meteorite samples. Even those falls such as Murchison, which were 
collected quickly after impact, have readily-detectable quantities of terrestrial contaminants, despite 
extraction with solvents. The lessons learned from the nature of the organic contaminants here will 
have implications for future sample collection campaigns and curation.  
 
2.2. Further work 
One addition that could be made to this work is the provision of isotopic information for the 
detected compounds. Compound-specific stable isotope analysis is a powerful method for 
determining the formation mechanisms and provenance of hydrocarbons (e.g. Sephton et al. 1998; 
Sephton & Gilmour 2001a, 2001b). Those organic compounds with carbon isotope ratios and 
intermolecular patterns similar to those for terrestrial life can thus be assigned as contamination.  
Isolation of the macromolecular material by acid maceration of the powdered rock would remove 
the matrix effects encountered during pyrolysis. As has been mentioned frequently throughout 
discussion of the meteorite data, interactions of contaminant lipids with clay catalysts and sulphur 
result in a range of n-alkylthiophenes and n–alkylbenzenes. Although these interactions are 
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identifiable, similar interactions may be taking place with native meteoritic organics, producing a 
biased distribution of pyrolysates. The range of mineralogies present in different meteorite classes 
may have an effect on the pyrolysates generated, since it is known that different clays have different 
organic catalytic effects (e.g. Faure et al. 2006).    
Pyrolysis-GC-MS can be complimented by other techniques. Passive analytical techniques such as 
Raman spectroscopy, nuclear magnetic resonance (NMR), high resolution transmission electron 
microscopy (HRTEM) and X-ray absorption near edge structure analysis (XANES) may help to provide 
further constraints on the structure and composition of meteoritic macromolecular material, in 
combination with the information already obtained from pyrolysis.   
 
 
3. Atmospheric ablation simulations 
3.1. Conclusions 
Flash pyrolysis coupled with FT-IR detection was performed on type 3 ordinary and carbonaceous 
chondrites (Chapter 4). The FT-IR instrument allowed detection and quantification of volatile species 
produced during high temperature flash-heating, intended to simulate the infall and ablation of 
micrometeorites to the atmosphere of Earth and other terrestrial planets. These results were then 
directly compared with those from the same experimental procedure applied to other carbonaceous 
chondrites, including types 1 and 2 (Court & Sephton 2009a, 2009b, 2009c, 2011). As might be 
expected from materials that have experienced considerable heating on the parent body and only 
limited amounts of aqueous alteration, the volatiles produced are limited in abundance. Water and 
carbon dioxide were the only two detected species. Carbon monoxide, which appears to be a key 
product from previous investigations (e.g. Muenow et al. 1995), was found to be absent. Although 
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sulphur dioxide has been detected by the same technique from carbonaceous chondrites (Court & 
Sephton 2011), identification is hampered by the peak occurring on the same part of the spectrum 
as the complex water spectra, together with very low responses.  
 
3.2. Further work 
Coupling the pyrolysis experiment to a mass spectrometer would allow for greater sensitivity, 
allowing gases which are evolved below the threshold of detection for FT-IR to be detected. 
However, the mass spectrometer approach will involve detection of a restricted number of gases, 
the use of specialist columns and substantially longer analysis times. Another aspect is relating the 
gases that have been observed to be produced with mineralogical and textural information from the 
meteorite particles. Much information about the melting history and composition of 
micrometeorites can be determined by micro-imaging and elemental analysis techniques. This would 
involve scanning electron microscope imaging of representative portions of powdered meteorite 
sample both before and after the simulated ablation experiments. The textures of the grains would 
show the extent of melting that had occurred, along with any evidence for devolatilization. The grain 
size-distribution of the sample being analyzed could also be determined by SEM imaging. Larger 
grains may be expected to respond differently to a particular set of thermal conditions than finer 
material. This investigation would have application not just to the ordinary and CO3 chondrites 
described in this study, but also to the range of carbonaceous chondrites from previous studies 
(Court & Sephton 2009a). The devolatilization of matrix phyllosilicates in CI and CM type chondrites 
would be expected to result in the formation of new mineral phases (Greshake et al. 1998; Nozaki et 
al. 2006). Micrometeorites experience a range of different temperatures and durations of heating 
depending on their entry angle, velocity and composition. Flash pyrolysis programs could be 
designed which reflect these differences, allowing the devolatilization behaviour of micrometeorites 
to be better constrained.      
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The main feature of the solvent extracts of Bishunpur, Chainpur, Ornans, and Colony was an 
unresolvable complex mixture of probable aliphatic compounds. Two-dimensional GC-MS is a 
technique that allows such complex mixtures to be better separated, permitting firmer identification 
of the compounds. Compound-specific isotope measurements could help to determine the 
provenance of those compounds which might plausibly be extraterrestrial in origin.  
Pyrolysis-FT-IR of ordinary and type 3 carbonaceous chondrites (Chapter 4) showed that mainly 
water and carbon dioxide were released. The same observations were made for CM2 and CI1 
chondrites (Court & Sephton 2009a). Vacuum pyrolysis experiments showed release of a range of 
other gases, including carbon monoxide (e.g. Muenow et al. 1995). To test whether the lack of 
carbon monoxide and other gases that might be expected in significant quantities is a result of 
duration of heating, longer timescale pyrolysis runs could be carried out, with slow heating rates or 
alternatively, holding at target temperatures for extended periods of time. If there were 
mechanisms and reactions that could not develop under short (15 seconds) ablation simulations, the 
extended heating might allow these to occur. This would help to bridge the gap between 
observations from vacuum pyrolysis and ablation experiments, furthering understanding of the 
mechanism at work during periods of high flux of extraterrestrial material to planetary surfaces early 
in the history of the Solar System.   
 
 
4. Analogues for chondrite macromolecular organics 
4.1. Conclusions 
Carbonaceous chondrites are rare and only available in small amounts to researchers. To overcome 
this limitation, terrestrial analogues which are available in much greater quantities and are 
 275 
 
Chapter 7 Conclusions and further work 
representative of meteoritic macromolecular material need to be identified. Previously, comparisons 
have been drawn with type III kerogens and bituminous coals (Hayatsu et al. 1983; Quirico et al. 
2003); however these compare poorly to abiotic material. Type IV kerogens are mainly aromatic in 
nature, have suffered extensive oxidation and have little of their dominant biological character 
remaining. Such kerogen has been identified in palaeosols from the Jurassic of southern England, 
although it is likely that type IV kerogens from other localities and horizons around the world will 
also show commonalities with the palaeosol kerogens. However, the Jurassic palaeosols have a 
significant fossil charcoal component, acquired as a result of forest fires. This material has since been 
degraded and oxidized in the semi-arid environment of deposition, leaving only an aromatic skeleton 
composed of one and two-ring units. Importantly, aromatic nitriles created from pyrolysis during 
wildfire events have persisted as a result of their stability. Benzonitrile, or its precursor, has been 
shown to be an important component of the refractory portion of meteoritic macromolecular 
material by analytical pyrolysis, making the palaeosol analogue particular suited for comparative 
studies with meteorites.     
 
4.2. Further Work  
Further examination of the identified analogue materials using techniques common to analysis of 
meteoritic macromolecular material would help to constrain the structure and identify any further 
differences between the two. Raman spectroscopy, in particular, allows the structural order of the 
macromolecule to be determined, and is a common technique used in chondrite analysis, and has 
been proposed as a method to classify the thermal metamorphic grade of type 3 chondrites (Quirico 
et al. 2003; Bonal et al. 2006; Busemann et al. 2007).   
One particular drawback of the palaeosol analogue is the unsatisfactory mineralogical match. 
However, identification of the types of naturally occurring kerogens that are comparable with 
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meteoritic organic material could allow the development of customized analogues which use the 
best mineralogical and organic features from different materials. 
 
5. Simple aromatic compounds as biomarkers 
5.1. Conclusions 
The use of simple statistical analysis in the assessment of macromolecular materials of unknown 
origin has shown some potential in its ability to distinguish abiotic organic matter (meteroritic) from 
terrestrial organic matter (Chapter 6). This technique has particular application in life-detection on 
Mars, where any organic matter that has survived the intense UV and oxidizing minerals in the 
regolith is likely to be a refractory, aromatic kerogen-type substance. Hence the statistical analysis 
focused on the lower molecular weight aromatic products of pyrolysis, since these may be the only 
ones that are readily detectable. Although principal components analysis (PCA) would provide an 
ideal unsupervised tool for analysing the large variety of these compounds, the relatively small 
number of samples available for this study meant that any PCA analysis was not likely to be robust, 
because there are constraints on the ratio of number of samples to number of variables for which 
PCA is valid. However, recognition of some simple aromatic structures that had inherited biological 
configurations allowed the construction of indices which reflected differences between compound 
distributions of biological and abiological origin. However, although the indices showed general 
trends, none of them showed clear-cut differences. Hence, using the first principal component of a 
PCA of the data from the indices allows a linear combination of all the parameters to be acquired, 
which provides a more general picture of the relationships. This procedure successively separated 
the abiogenic and biogenic samples, but the range of values was found to be continuous. 
Incorporating data from Martian samples into this dataset would enable us to see which group, 
terrestrial biogenic or extraterrestrial abiogenic, it held most similarities with.   
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Examination of the distributions of the aromatics showed that the meteorite kerogens were affected 
by contamination. Linear alkylbenzenes were pyrolytically formed from lipids present as 
contaminants that were not removed by solvent extraction. These affected the aromatic 
distributions, making them more similar to those of terrestrial kerogens, making the task of 
distinguishing the two more difficult. However, the technique has shown promise, and could be 
expanded and adapted.  
 
5.2. Further Work 
The potential that this technique has shown invites further work. The natural way to extend the 
investigation would be to include a greater number and variety of kerogens or other 
macromolecular materials in the dataset, in order to test the ability of the simple hydrocarbons to 
separate broad divisions of macromolecule type. Such samples might include synthetically-derived 
macromolecular materials intended to simulate early Earth conditions or synthetic processes 
occurring in the Solar System. In addition, attempts can be made to identify any further biogenicity 
parameters amongst them, in addition to the ones identified in this study. The methods can also be 
easily applied to previously acquired datasets.  
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